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The  work  doec^Kibed  hexein  represonts  a major  step  toward  the 
< long*>rahigie  objeotlve  of  a minimum  vibration  and  noise,  minimum 
weight,  highly .reliable,  advanced  technology  transmission  system. 
The' me jqr  goals  of  the  program  were  tot 

1.  Defi^ha  an  analytical  approach  to  vibration/noise  reduction. 

2.  Correlate  .existing  experimental  teat  data  with  data  predictec 
. by 'the  analytical  tools. 

9...  , Design  and  fabricate  modified  transmission  components 
« utilising  the  verified  version  of  the  pradiotlon  technique. 

4.  Conduct  verification  testing  of  the  entire  transmission  with 
the  modified  components  installed. 

5.  Compare  teat  results  of  the  bgsalinc  and  modified  versions 
of  the  transmission. 

6.  Disseminate  iiiforraation  to  government  anti  industry  personnel 
through  final  report  and  user's  conforenoc. 

An.  analytical  approach  using  finite  element  and  strain  energy 
computer  techniques  was  srleoted  for  this  work.  A finite 
element  model  of  the  complete  forward  rotor  transmission  for 
the  Boeing  Vortol  CH-47  holicoptor  was  dovolopcd  and  applied  to 
reduce  transmission  vlbration/no.iae . The  internal  components 
were  analyzed  uainq  computer  programs  OOEAR,  TORUP,  and  D-B2. 

The  housing  wau  modeled  using  NA8TRAN.  In  addition  to  a dosorip* 
tion  of  the  model,  the  technique  for  vibration/noiso  prediction 
and  reduction  is  outlined.  Also  included  are  tho  prodictod 
dynamic  response,  oorreiation  with  test  data,  the  use  of  strain 
energy  methods  to  optimize  the  tranaminsiou  for  minimum  vibra- 
tion/noise. and  datorminution  of  !.he  daaiqn  modi  ( l.cations  which 
wore  manufactured  and  tested. 
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PREFACE 

This  report  aununartaee  the  reeulta  of  the  "Helicopter  Trans- 
mission Vibration  and  Noise  Reduction  Program".  The  report 
covers  the  work  accomplished  during  the  40-roonth  period  from 
June  1974  through  October  1977  and  is  composed  of  two  volumes. 
Volume  I is  the  Technical  Report,  and  Volume  II  is  the  User's 
Manual. 

The  work  outlined  herein  has  been  performed  under  U.S.  Army 
contract  DAAJ02-74-C-0040  and  under  the  technical  cognizance 
of  Mr.  Allen  Royal,  U.S.  Army  Research  and  Technology  Labora- 
tories (AVRADCOM) , Fort  EUBtls,  Virginia. 

The  fabrication  of  graphite/aluminum  doubler  plates  (Appendix 
B)  was  sponsored  by  the  U.S.  Army  Materials  and  Mechanics  Re- 
search Center,  Watertown,  Mass,  under  the  technical  cognizance 
of  Mr.  Albert  P.  Levitt. 

This  program  was  conducted  at  the  Boeing  Vertol  Company  under 
the  technical  direction  of  Mr.  A.  J.  Lemanski  (Program 
Manager) , Chief  of  the  Advanced  Power  Train  Technology  Depart- 
ment. Principal  Investigators  for  the  program  were  Mr.  John 
J.  Soiarra  (Project  Engineer),  Mr.  Robert  W,  Howells,  Mr. 
Joseph  W.  Lenski,  Jr.,  Mr,  Raymond  J.  Drago,  and  Mr.  Edward 
G.  Schaeffer, 
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INTRODUCTION 


Considerable  attention  has  been  focused  in  recent  years  on  the 
reduction  of  noise  levels  for  both  military  and  civil  hell- 
ooptera  as  evidenced,  for  example,  by  the  noise  requirements 
outlined  In  specification  MlL-A-8806,  the  Occupational  Safety 
and  Health  Act  (OSHA) , and  the  Walsh-Healy  Act.  Helicopter 
noise  emanates  from  three  major  sources  - the  rotor  blade, 
engines,  and  transmissions.  Exterior  noise  is  dominated  by 
the  rotors  and  engines,  although  the  transmissions  also  contri- 
bute to  this  noise.  Minimization  of  the  exterior  noise  is 
important  to  reduce  the  annoyance  to  communities  near  civil 
helicopter  operations  and  to  reduce  the  detectable  noise 
signature  of  military  helicopters.  The  interior  cabin  noise 
is  predominantly  due  to  the  structure-borne  and  airborne 
noise  generated  by  the  transmissions  (Figure  1) , with  the  eng- 
ines and  rotors  being  secondary  sources.  The  transmissions 
are  generally  located  near  the  flight  crew  and  passengers 
(Figure  2) . If  preventive  measures  are  not  taken,  they  pro- 
duce an  environment  which  degrades  personnel  performance  by 
causing  annoyance  and  undue  fatigue  of  crew  and  passengers, 
interferes  with  reliable  communication,  oausea  temporary 
hearing  threshold  shifts,  and  eventually  (after  repeated  ex- 
tended exposure)  causes  permanent  hearing  loss.  Furthermore, 
continuous  exposure  to  high  noise  levels  (in  excess  of  90 
dBA)  can  cause  vertigo,  nausea,  headache,  tenseness,  blurred 
vision,  and  temporary  or  permanent  loss  of  hearing,  comfort- 
able interior  noise  levels  are  essential  for  passenger  accept- 
ance of  civil  helicopters.  The  question  of  acoustical  treat- 
ment of  helicopter  transmissions,  therefore,  is  not  whether 
it  shall  be  done,  but  how  much  and  in  what  manner. 

In  order  to  ensure  compliance  with  Mll,-A-8806  as  the  best 
compromise  between  an  optimum  acoustical  environment  and  the 
penalties  imposed  on  an  aircraft  by  the  Inclusion  of  a sound- 
reducing  treatment  (e.g.,  weight,  cost,  maintenance,  and 
Incompatibility  with  other  operational  requirements) , methods 
of  predicting  noise  levels  and  tools  to  perform  trade  studies 
(i.e.,  source  noise  reduction  versus  enclosures)  must  be 
further  developed.  Transmission  noise  is  a symptom  of  the  in- 
herent structural  vibrations  which  generate  this  noise.  Until 
recently,  analytical  methods  have  not  been  available  to  pre- 
dict and  reduce  transmission  vibration/noise  levels  in  ad- 
vance. The  conventional  means  of  controlling  transmission 
noise  has  generally  been  to  add  acoustical  enclosures  after 
the  hardware  is  built  and  a noise  problem  has  become  evident. 


SiqniJ*. leant  acouaticnl  treatment  Ih  roqvvlrocJ  in  urdor  to  meet 
the  internal  noiae  levoia  .for  military  helicopter  crew  and 
cabin  areas  aa  specified  in  Mib-A-UBUO.  Operational  aircraft 
employ  one  or  more  of  several  noise  control  techniques  which 
include  skin  damping  and  limp  material  blanketing  to  reduce 
fuselage  radiated  or  structure-borno  noise,  and  hlgh-denslty 
rigid  sound  barriers  or  source  enclosures  to  reduce  the  air- 
borne noise.  Reduction  of  the  airborne  noise  by  the  use  of 
enclosures  is  considered  to  be  e.f.foctivo,  but  the  actual 
noise  attenuation  that  can  bo  achieved  is  dependent  upon  the 
completeness  of  the  onoloouro.  Consequently,  the  noise  re- 
duction limitation  in  the  speeoh  frequency  range  with  typical 
acoustical  enclosures  and  seals  is  about  7.S>  du,  .with  up  to 
35  dB  obtainable  through  use  of  improved  seal  configurations 
(References  1 and  2)  . 


Further  reductions  in  noise  level  up  to  50  to  60  dB  can  be 
achiovod  with  fume- tight  enclosures,  aucli  as  those  employed  In 
some  couworoial  helicopters  and  In  some  commo-roial  transport, 
aircraft  engiho  installations  operating  today.  To  date,  fuite- 
typo  oncloauroB  have  not  boon  employad  on  military  holiooptors. 
Since  practical  enclosuros  are  limited  in  noise  attenuation  by 
unavoidable  sound  leaks  in  seams  and  acooss  c5oor»  (Figure  2) , 
adequate  attenuation  ia  not  provided  for  advanced  helicopter 
drivo  syatema  of  inoroasod  power  (Roflorencos  and  4)  . As 
indicated  by  Figure  3,  a lOX.  opening  in  the  onclosuro  permits 
100%  noise  escape.  Not  only  do  these  onclosuros  impose 


1.  .Stornfold,  H.,  Spencer,  R.H.,  and  Sohaoffer,  F.G.,  STUDY 
TO  KSTAB.r4i:SH  REALISTIC  ACOUSTIC  Dl’lSIGN  CRITERIA  FOR  FUTURE 
ARMY  MRCRAO'T,  Vertol  Divittion,  The  Booiny  Company,  TUEC 
TR  ('1-72,  U.S.  Army  Transportation  Roaearch  Command,  Fort 
Eustia,  Virginia,  Juno  1961. 


Stornfeld,  11.,  Schairor,  J.,  and  Spencer,  R.,  AN  INVF.ST1- 
CiAT.V,ON  OF  llELiCOl’TKU  TRANSMiS.y ION  NOl.SK  REDUCTION  BY 
VIUUAT-tON  ABSORBERS  AND  DAMFINO,  Vertol  Diviuion,  The  Boeing 
Company,  USAAMRDL  TR  7 2-34,  U.S.  Aiauy  Air  Mobility  Roaoaroh 
and  Development  Laburatov.y,  Fort  Uuatiu,  Vinjlnla,  August 
1972,  AD752579. 


3.  Hartman,  R.M.,  A DYNAMICS  APBROACH  TO  11F.L1C01’T1!'.R  TRANSMIS- 
SION NO.IS111  REDUCTION  AND  IMIVROVED  UELIABILITY , Fapor  Fto- 
aonted  at  the  29 Lh  Annual  National  Forum  of  the  Ai\orictin 
Uoiiooptor  Society,  Washimitun,  D.C,,  May  1973,  Preprint 
No.  772. 


4.  liar  Urn  n,  R.M.,  and  Badyloy,  R.,  MODEL  301  llLll/ATC  THANSM.IS- 
SION  NOISE  REDUCTION  PROGRAM,  V(;)itoi  Divikilon,  The  Boeing 
Company,  USAAMRUl.  TR  74-511,  Euatiu  Directorate,  U.S.  Army 
Air  Mobility  Reaearch  and  DovolopmunL  Lahoratury,  Fort 
KnatU,  Virviinia,  May  1974,  AD7B41J.!. 
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couai(1orah.lo  woiijht;  and  niainfcainabi.l.it.y  peuultles,  but  they 
do  not  reduoo  t.ho  doletorioua  offoct  of  tho  accompanying 
vibrationa  wJilch  contribute  to  matoria.l  fatigue  and  fretting 
at  joints. 

Tranumiaaion  vibration/noiae  levola  will  continue  to  increase 
with  incroaaing  speed  (Figure  4)  and  transmitted  load  (Figure 
5) , Furthermore,  greater  loads  result  in  greater  housing 
deflections  and  misalignment  effects  which  in  turn  lead  to 
even  higher  noise  levels  (Figure  6} . Therefore,  vibration/ 
noise  problems  will  continue  to  become  more  critical  as 
helicopter  transmission  power  and  speed  requirements  increase 
(Figure  7) . These  factors  have  led  to  a need  for  tho  develop- 
ment of  tecliniques  for  the  prediction  and  reduction  of  trans- 
mission vibration/noiso. 

A new  approach  in  helicopter  transmission  noise  control  aimed 
at  reducing  acoustical  energy  at  the  source  is  being  investi- 
gated herein.  The  basic  premise  of  this  program  is  to  reduce 
transitission  gear  shaft  deflections  at  the  bearings  and  avoid 
resonances  by  control  of  dynamic  response  through  stiffness, 
mass,  and  inertia  distribution#  thus  reducing  transmission 
noise  at  its  source.  Controlling  the  dynamic  response  of  the 
transmission  is  a desirable  approach  to  noise  reduction,  since 
reducing  deflections  at  the  bearings  and  avoiding  resonances 
also  inherently  increases  bearing  lives  and  improves  trans- 
mission reliability. 

previous  dynamic  testing  of  a CH-47C  forward  transmission 
condu(3ted  In  the  Boeing  Vertol  closed-loop  test  stand  (Refer- 
ence 4)  provided  a substantial  volume  of  vibration/ivoiso  data. 
The  transmission  was  instrumented  internally  to  moasurr 
strains,  displacements,  and  accelerations  of  rotating  compo- 
nents, and  externally  to  measure  case  acceleration  and  noise 
levels.  This  data  was  obtained  and  successfully  correlated 
with  predicted  results.  As  a result  of  this  test  program,  tho 
mechanism  of  noise  generation  iritlally  postulated  has  been 
experimentally  verified.  Also,  .•pplication  of  the  partial 
doiiign  tool  available  in  Reference  5 indicated  that  a signifi- 
cant improvement  in  noise  level  could  be  achieved.  This 
existing  data  is  being  used  for  correlation  with  the  results 
of  tho  analytical  methods. 

Au  a convenience,  tho  lower  planetary  and  spiral  bevel  meshes 
will  bo  roforrod  to  as  "LP"  and  "SB"  throughout  the  ensuing 
discussion.  In  addition,  harmonica  of  frequencies  associated 
with  these  meshes  will  be  designated  by  numbers  imn^ediately 
following  the  abbreviations  (e.g.,  the  lower  planetary  first 
harmonic  would  bo  written  as  "LPl"). 
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Figure  7.  internal  Nolaa  Trend  for  untreated  Aircraft. 
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THE  NOISE  PROBLEM 


Because  of  the  general  awareness  and  resentment  of  the  In- 
creasing high  levels  of  noise  produced  by  noise  sources  in 
the  environment  and  the  adverse  effects  such  as  ear  damage 
and  physical  and  psychological  irritation,  greater  under- 
standing of  sound,  its  causes,  effects  and  control  is  nec- 
essary. Helicopter  transmission  noise  presents  an  especially 
difficult  problem  due  to  three  factors  - high  sound  pressure 
levels,  frequencies  in  the  range  most  sensitive  to  the  ear, 
and  pure  tonal  content. 

The  sound  pressure  level  (dB)  and  the  frequency  (Hz)  of 
sound  waves  are  the  properties  of  sound  that  are  measurable 
using  ordinary  engineering  techniques.  Unfortunately,  sound 
pressure  decibels  are  not  the  scale  that  the  human  ear  uses 
to  judge  loudness.  Loudness  of  a sound  is  the  magnitude  of 
the  auditory  sensation  produced  by  the  amplitude  of  the 
disturbances  reaching  the  ear.  Vibrational  energy  of  sound 
is  a physical  property,  while  loudness  la  a mental  Interpret- 
ation. Loudness  of  a sound  is  therefore  a subjective  quant- 
ity and  cannot  be  measured  exactly  with  any  instrument.  Be- 
cause hearing  is  frequency  sensitive,  rating  loudness  is  a 
complex  task.  Since  the  adverse  impact  of  noise  upon  human 
beings  is  a primary  concern,  numerous  psyohoacouatic  criter- 
ia for  assessing  the  subjective  effect  of  noise  have  been 
developed.  By  any  of  the  numerous  standards  in  existence 
for  scaling  annoyance  and  reactions  to  noise  (Reference  7) , 
transmission  noise  is  particularly  objectionable.  Sound 
pressure  in  excess  of  120  dB  has  been  measured  for  the  trans- 
mission of  a medium  transport  helicopter  (References  3 and 
4)  which,  for  comparison,  approaches  the  level  of  an  air 
raid  siren  (Figure  8) . 

h-welghted  sound  pressure  level  in  dBA  units  la  commonly  used 
to  measure  the  loudness  of  a sound.  This  factor  ;'>*ovldes  a 
single  number  representing  a subjective  assessmeiit  of  the  loud- 
ness or  noisiness  of  many  types  of  sound  and  was  designed  to 
approximate  the  response  of  the  human  ear.  A-level  is  present- 
ly used  as  a single  number  rating  for  industrial  noise  and 
its  effect  on  employees  by  the  Department  of  Labor  under  the 
Occupational  Safety  and  Health  Act  (OSHA) , and  for  traffic  and 
everyday  noises  by  the  Environmental  Protection  Agency  (EPA) . 

The  A-weightnd  sound  pressure  level  is  obtained  electrically 
by  reducing  the  effect  of  low-frequency  noise  with  a series  of 
filters)  this  frequency  weighting  is  shown  in  Figure  9.  Figure 


7.  Munch,  C.,  A STUDY  OF  NOISE  GUIDELINES  FOR  COMMUNITY  AC- 
CEPTANCE OF  CIVIL  HELICOPTER  OPERATIONS,  Journal  of  the 
American  Helicopter  Society,  January  1975,  Pages  11-19. 
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Figure  9.  A-Waighting  of  Sound  Preasura  Levels. 
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Figure  10.  Contours  for  Determining  Equivalent  A-Weighted 
Sound  Level. 


34 


i.lH'.  . . ill 


10  Bhowa  contours  of  ecjuivalent  A--weighted  sound  levels  over  a 
range  of  audible  fruguenuies.  Not  only  is  the  transmission 
noise  at  a high  sound  praaaure  level > but  also  the  frequencies 
at  which  it  occurs  ere  usually  within  the  sensitive  and 
heavily  weighted  2>000  to  S»000>Hx  range*  which  is  most  easily 
heard  and  is  thus  particularly  annoying  to  the  human  ear. 

Pure  tonal  content*  which  is  characteristic  of  rotating 
machinery  and  results  in  a high-pitched  whine*  is  subjectively 
much  more  annoying  and  potentially  more  damaging  than  broad- 
band noise.  Therefore*  for  pure  tones  and  narrow-band  noise 
sources  (helicopter  transmissions) * hearing  conservation  pro- 
grams such  as  that  recommended  by  Department  of  the  Army  TB 
MED  251  suggest  levels  which  are  5 dBA  below  those  of  broad- 
band noise. 


The  taslc  of  noise  reduction  is  further  complicated  by  the  !| 

logarithmic  nature  of  the  decibel  scale  sound  levels.  This  | 

is  illustrated  by  the  following  simple  example.  Suppose 
that  an  observer  is  located  equidistant  among  four  identical 
sound  sources.  When  all  four  sources  are  operating  the  ob- 
server measures  66  dB.  Turning  off  two  of  the  sources  cuts 
the  sound  power  in  half  which*  from  the  definition  of  sound 
power  level  i ;; 

. . I 

PWL  (dB)  - 10  log.Q  P | ; 

L''r.£j 

i ■( 

reduces  the  sound  level  by  3 dB  to  83  dB.  Turning  off  one 

of  the  two  remaining  sources  again  reduces  the  sound  power  . 1 

by  one  half  and  reduces  the  level  by  3 dB  to  80  dB. 

The  combined  effect  of  up  to  ten  equal  sound  sources  Is  | 

shown  in  Figure  11.  The  addition  of  sources  with  different  .1 

levels  is  also  easily  accomplished  using  Figure  12.  With  \ 

this  figure  the  difference  in  the  pressure  levels  of  two  j 

sounds  is  used  to  find  the  amount  by  which  their  combined  | 

level  exceeds  the  higher  of  the  two.  To  add  a third  level*  ^ 

the  some  process  is  applied  to  combine  it  with  the  total  of 
the  first  two.  | 

The  above  discussion  of  noise  addition*  in  which  it  was  i 

shown  that  a reduction  in  the  sound  power  radiated  by  a ] 

noise  source  yields  a reduction  of  only  3 dB*  indicates  the 
extreme  difficulty  in  achieving  large  dB  reductions.  Assum-  | 

Ing  a one-to-one  relationship  between  transmission  vibration  j 

levels  and  radiated  noise*  the  conclusion  which  follows  is 

that  the  transmission  vibration  level  must  be  reduced  by  50%  j 

to  achieve  a 3 dB  reduction  in  noise  level. 


Fl9ur«  11.  Addition  of  Equul  Sounds. 


DIFFEREaJCE  BETWEEN  TWO  NOISES  IN  dB 


Figure  12.  Addition  of  Unequal  Sounds. 
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ANALYTICAL  APPROACH 


TRANPIilSSION  NOISE  GENERATION  AND  REDUCTION 

Cear  shaft  d^af lections  and  their  effect  on  case  deflections 
and  noise  production  have  been  under  investigation  for  several 
years.  The  mechanism  which  has  been  identified  Is  that  noise 
is  generated  by  the  transmisaion  housing  as  a result  of  the 
nonuniform  transfer  of  torque  between  mating  gears  (References 
3 and  4) . The  nonuniform  transfer  of  torque  is  due  to  tooth 
profile  and  spacing  tolerance,  the  elastic  deformation  (bending 
and  contact)  of  the  ciear  teeth  under  load,  and  the  deformation 
of  the  tooth  backup  rim  and  web.  The  combined  excitation  due 
to  all  of  the  above  factors  is  calculated  by  computer  progran^ 
GGBAR  (R-67) . This  nonuniform  transfer  of  torque  produces  a 
dynamic  force  at  the  gear  mesh  frequency  (number  of  teeth  x 
rpm/60)  and  its  multiples  for  a simple  gear  set.  For  the 
planet/sun  gears  the  mesh  frequencies  are  the  diffarenco  of 
the  sun  cps  and  the  speed  of  rotation  (cps)  of  the  planet 
center  about  the  center  of  the  sun  gear  times  the  nun\ber  of 
teeth  in  the  sun  gear,  plus  the  harmonic  multiples.  This 
dynamic  load  is  calculated  by  computer  program  TORRP  (R~32) . 

This  dynamic  force,  which  oxcites  the  coupled  torsional/lateral/ 
vertical  vibratory  modes  of  the  gear  shaft,  is  then  applied  at 
the  tooth  mesh  to  excite  a finite  element  model  of  the  internal 
components  (shafts,  gears,  bearings) . The  vibration,  which  is 
calculated  by  computer  program  D-Q2,  produces  displacements  at 
the  bearing  locations.  These  excite  tlie  housing  and  cause  it 
to  vibrate  at  all  mesh  froquenciea,  thus  rvndiating  noise.  The 
dynamic  charaoteristics  of  the  internal  components  may  magnify 
this  excitation*  Furthermore,  the  dynamic  characteristics  of 
the  housing,  which  are  calculated  using  NASTRAK,  may  magnify 
Its  displacements  and  the  resulting  noise  (Figure  13) . 
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ii 

■j 


By  controlling  the  dynamic  response  of  the  internal  componontM,  | 

roaonnncGs  can  be  avoided  and  displncemonts  nt  the  bearing  J 

locations  can  be  reduced.  This  is  a dosirnble  approach  to  1 

vibration/noiae  reduction,  since  it  also  leads  to  increased  | 

bearing  life  and  improved  overall  transmission  performance  and 
roliability.  A three-pronged  analysis  for  the  reduction  of  I 

vibration/noise  nt  its  source  has  been  developed  which  includes  >3 

the  reduction  of  dynamic  excitation,  the  reduction  of  dynamic 
response  of  the  shaft  and  housing,  and  the  use  of  auxiliary  > 

devices  for  vibration  absorption.  / 

( 

An  analytical  approach  using  finite  clement  computer  tcchniquoft  ] 

has  been  identified  by  the  contractor  for  this  program.  Tech- 
ntcal  approach  for  the  overall  program  is  depicted  in  Figure  14. 
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This  figure  includes  several  significant  features  which  are 
included  in  the  program  as  follows: 


1.  The  analysis  of  the  Internal  components  Includes: 
e Noise  calculation  based  on  energy  at  bearings. 

e Strain  energy  techniques  for  vibration  reduction, 
e Finite  element  dynamic  stress  analysis, 
e Optimisation  criteria. 

e Extension  of  GGBAR  computer  program  to  include  high- 
contact-ratio  spur  gears. 

e Computer-generated  plotting  for  model  checkout. 

2.  The  analysis  of  the  transmission  housing  includes: 

e Strain  energy  techniques  for  vibration  reduction. 

e Finite  element  dynamic  stress  analysis. 

e Impedance  and  mobility  methods  for  vibration  ab- 
sorption. 

e Optimisation  criteria. 

This  program  is  highly  computer  oriented  and  makes  extensive 
use  of  several  computer  programs  as  indicated  in  Figure  14. 
The  accompanying  User's  Manual  describes  these  computer  pro- 
grams. presents  rationale  for  their  use,  and  discusses  their 
application. 
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Figure  14.  Flow  Chart  of  Technical  Approach  to 

Tranamlsslon  Vlbratlon/Nolse  Analysis. 
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MODE!.  AND  ANALYSIS 


DESCRIPTION  OF  THE  MODEL 

The  internal  components  of  the  CH-47  forward  rotor  trans- 
mission are  shown  in  Figure  15,  and  the  finite  element  model 
of  these  components  for  use  with  program  D-82  is  shown  in 
Figure  16.  This  model,  which  was  developed  previously 
(Reference  4) , was  checked  and  refined,  using  the  refined 
model,  the  dynamic  response  of  the  shafts  was  determined  and 
then  a second  computer  program  s-68  (Reference  8)  was  used 
to  identify  the  segments  of  the  shafts  demonstrating  high 
strain  energy  densities  at  the  mesh  frequencies.  By  modify- 
ing these  segments,  the  dynamic  response  of  the  shaft  was 
altered  moat  effectively. 

The  methodology  for  the  shaft  model,  the  D-B2  program,  and  the 
normal  mode  analysis  for  the  damped  forced  response  are  given 
in  Reference  4 and  will  not  be  repeated  here.  A listing  and 
further  description  of  D-82  are  also  given  in  Reiomnce  6. 


, , . ‘ .4' 

^‘igurei  17  is  a spectrum  of  the  natural  frequencies  of  the 
basel'in.e  internal  gomponents,  and  the  first  20  mode  shapes  have 
also  been  autcmatically  plotted  (Figure  18) . It  is  to  be 
noted  that  the  results  are  coupled  banding/torsion  and  that 
the  input  pinion  and  goar/sun/planet  systems  are  also  coupled. 


The  damped  forced  response  of  the  Internal  components  has  also 
been  calculated.  Excitation  at  the  lower  planetary  first 
harmonic  (LPl)  is  illustrated  here.  The  plotted  results 
(Figure  19)  are  in  absolute  value,  and  the  motion  is  coupled 
vertical- lateral  confined  mainly  to  the  pinion  components. 


The  dynamic  loads  calculated  for  each  bearing  at  each  mesh 
frequency  are  phased  (sins  and  cosine  components  due  to 
structural  damping)  and  subsequently  applied  to  determine  the 
forced  response  of  the  transmission  case  and  resulting  dB 
output. 


8.  Sciarra,  J.J.,  uSE  OP  THE  FINITE  ELEMENT  DAMPED  POHCED 
RESPONSE  STRAIN  JSNERGY  DISTRIBUTION  FOR  VIBRATION  REDUC- 
TION, U.S  Army  Research  Of f ice-Durhwu,  Contract  DAHC04-7i- 
C-0048,  Boeing  Vertol  Document  D210-10819-1,  July  1974. 
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CH-47  TRANSMISSION  CROSS  SECTION 


Figure  15.  CH-47  Forward  Kotor  Transmission 

Internal  Coitf>onant:s. 


Figure  18.  Continued 


Figure  18.  Continoed. 


rc  17 


Figure  18.  Contanu^. 


SORTIE  STUDY 

Hi*  internal  domponanta  hava  baan  analyaad  ovar  the  flight 
prof  11a  for  a typical  aortla.  Slnoa  -a  hallooptar  tranamls*' 
■Ion  oparatas  at  asaentlally  a oonita'nt  ipaad  throughout  tha 
flight  prof 11a,  tha  algnlf leant  var labia  la  tha  tranamlttad 
torqua.  Tharafora,  from  an  analyala  viewpoint  a aortla  atudy 
la  aetually  a atudy  of  tha  nonlinear  variation  of  bearing 
■pring  rataa  with  varying  torque  lovala. 

The  arrangamanta  of  tha  aupport  baarlnga  for  tha  apiral  baval 
pinion  and  gear  are  ahown  In  Flguraa  20  and  21.  Tha  ohangaa 
In  the  aprlng  rataa  with  varying  torqua  ware  oaloulated  ualng 
bearing  analyala  program  S-04,  and  tha  raaulta  are  plotted  In 
Flguraa  22  through  29.  Slnoa  in  tha  finite  element  modal  tha 
bearing  atlffnaaa  la  rapraaantad  by  baama  and  aprlnga,  tha 
affect  of  tha  varying  operating  condition  la  introduced  Into 
tha  modal  by  adjusting  tha  croaa-aaotlonal  area  (atlffnaaa) 
and  toralonal  rigidity  of  thaaa  baama.  Tha  beam  aprlng  atlff- 
naaaaa  and  corraapondlng  toralonal  rlgldltlaa  are  aummarlzad 
in  Tab lea  1 and  2. 
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Figure  28.  Bearing  Spring  Rate  W Alo^  Figure  29.  Bearing  Spring  Bate  Ckg)  S CH-47C 
Z;  CH-47C  Forward  TransBission  Forward  Transmission  Smx 

Sun  Gear  (7460  RPM  - Pinion)  . Gear  (7460  RPM  - Pinion)  . 
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TUANHMrsr.lON  irnJSlNG  - MODKl.  AND  ANALYSIS 


a?hc!  Boftiug  Veiiftol  CW>-47  Itorward  rotor  tranamiooion  houelng  iui 
cofSpoaea  of  throa  ftmjor  «ection«»  upper  ooy«r»  riog  gear,  and 
bovolt  gear  <;«»>&,.  (inducting  oil  «ump)  , Th?;  upper  obvbr  provides 
lugs  for  counting  the  transtnisaion  to  the  airfroro®  trans- 
mit,» the  rotor  eystem  loads  through  its  structure  and  into  the 
airfraite.  .Hence.,.,,  the  entire  upper  cover  structure  is  a,  primary 
load  carrying  mombor.  The  case  contains  and  Supports  the  main 
spiral  bevel  bears  uu  wdl  as  a lube  pump  an^d  the  oil  sump. 

Thu  upper  tog, ions  of  the  case  react  the  bevel  gear  mosh  loads 
and  transmit  torque  into  the  ring  gear.  The  lower  regions  of 
fho  0080,  including  the  sump,  are  primarily  for  containmeint  of 
the  lubricating  oil.  Thu  ring  gear,  which  connects  the  upper 
oovor  and  case,  contains  the  planetary  goal,  system.  In  addi- 
tion to  reacting  the  plnnotary  gear  mosh  loads,  thp  ring  guar 
tranewitfl  oaso  loads  into  th«  xipper  cover,  Th.ls  natural 
division  o.f  the  housing  was  adhorod  to  for  enao  of  modeling 
(.Figure,  30)  . * 

The  aohiovement  of  siood  results  is  dopondsnt  upon  the  devolop- 
mftnt  of  a model  whic3\  acc5uriivto.ly  roproducwa  tho  behavior  of 
' , , the  actual  hardware . .Although  the  solution  of  a finite  el nmont 
problem  ia  .rigorous,  the  coViStrudtion  of  a finite  alement 
modal'  is  somewhat  of  an  art  as' opposed  to  w pcopiae  science 
and  is  henvily  dependent  upon  the  oxperionew  and  insight  of 
the  model tir.  The  modeler  ia  the  intorfaco  bwtwuon  tluv  item  of 
hardware  being  mod(5lGd  and  the  nnalysis  being  applied  to  build 
rha  model.  The  critionl  foatarea  of  the  atruoture  muat  bo 
aoouratoly  roproaontod,  but  oompromisos  must  bo  made  for 
compel  lability  with  the  oapnbilitioH  of  the  analytical  method, 

A aisiiplo  example  of  moilol  .limitations  in  the  roatrlctlon 
iu\poeod  upon  NASTRAN  plate  elements  th3it  nil  oonnocting  grid 
point.T  be  nearly  c;o-plnnnr.  The  degree  of  detail  necessary 
for  a model  depends  upon  several  factors,  including  the  type 
of  solution  deairod  (e.g.,  static  or  dynamic) > the  accuracy 
desired,  and  the  external  cunstrninta  or  applied  loads,  Model 
complexity  mu«t  bo  traded  off  against  computev  time,  .Ingenuity 
by  the  modelor  is  necessary  for  minimizing  the  number  of  grid 
points  and  connecting  elements  in  tVia  model.  Therefore,  before 
the  actual  modeling  of  the  housing  structure  wan  started, 
ground  rules  for  the  modeling  had  to  be  eotablishod. 

The  .first,  aspect  to  be  addreoaod  was  the  required  grid  raosh 
fineness,  ideally  it  la  desirable  to  bu.lld  the  model  w.tth  a 
tine  grid  mesh  to  achieve  greater  accuracy.  However,  in 
practice  n tcnde-off  ia  necokiaacy  to  oetablish  a grid  mesh 
fine  enough  to  yield  sufficient  accuracy  but  not.  ao  fine  that 
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computer  execution  time  becomes  prohibitive.  With  the  study 
Of  the  circular  oyllnd^sr  and  turbine  disc  mpdeXe  described  in 
the  User*  a Manual  aa  , background « . ah  as :l,niv.thal  spacing  of  about 
15^  was  requirod  to  provide  accSptable  f'acohraoy*  This  aai- 
muthal  apaoihg  was  thus  eatabllahed  for  both  the  ring  gosr  and 
ease  modalr  alnde  it  was  neoaasary  to  analyze 'ths  behavior  of 
these  componshta  in  .dei;;ail . . The  yertioal  spaaing  Was  generally 
dictated  by  bbe  »'*^wrai  ‘Shangas  .i^^^  shape,  and  wail 

"thiakhaa'S.  Pdf ' the 'CaiW-  a 'iii'a'rtidal  ip'doing  Wf  about  2 inches 
was  uaedl  reahltihg  in  eleMahits  With  lineaf  dimenaions  ranging 
from  'about-  a-A;7S:'to  -3,:r2,5'vij;^phas.-.)-,;p^  f'ing  gear  a.  vertical, 
•paoihg  of  £fbftr:'Oi'd:-'aQ-Ha'id^^"tho.haa,'^  resulting  in  elements 

With  ;ii'ih4'af 'diimaihS'ldhf/'f . S-'  tb-v  2 , 9 inches 
The  uppe>',,doVa!c  wee' ttibdeiaft-’biihg^^  mesh,  sincel^ 

the  inbaiVb' o.f- this  ,asp,adt '6f'''.th<!i.:.'Wdrk.,.-i8-.:nb,t  .a  detailed  -model 
and  anaiyb'ia-of  ,■bhe■■-Upber/,<«>v■ef^  b^  ■ fatha-r v'a  -more ' general, 
analysis  of  its  groi,s  offeot  6h' the  other  parts  of  the  housing. 
The  azimuthal  spacing  for  tb.a  upper  cover  la  predominantly 
‘»lthoughv,a 'Spacing  of  ISr  w at  the  lower  boundary  for 

.compatibility'' with  the' ring- ,g.eaf;>"  A.  vertical  spacing  of  from 
1.4  to  ,6'|T  .inches  Waa.<bfb<3*  Poif.  «ech  portion  of  the  housing » 
the  grid'  mesh  fihaneas  .eatablibhed  provides  an  acceptable 
aocMra.cy/dohiputer  tih»«'"ti'ade-oflf  for  the  dynamlo  .a.nalysii 
eohdueted  herein,'-'  ’’  -•  ■ 

Another, aspaot  of  the  geheral  modeling  procedure  which  had  to 
be  eatabllahed  whs" ,th4  grid  poirtt  fixity,  particularly  at  the 
boundariea  between  the  Upper  eo^er,  ring  gbaf#  and  case.  It 
would  be  most  desirable  to  treat  th«;tntire  housing  as  a single 
model,  but  due  to  the  lerge  computer  execution  time  it  was 
necessary  to  analyze  each  of  the  three  sections  (upper  cover, 
ring  gear,  and  case)  as  separate, models.  Running  the  throe 
sections  independently  introduced  the  requirement-  to  establish 
constraints  on  the  grid  points  which  form  tho  boundaries 
between  the  mating  aeccions.  Fixity  ropresentativa  of  a 
simply  supported  structure  was  Imposed  by  applying  single  point 
constraints  (SPC)  to  constrain  the  three  translational  dagrees 
of  freedom  to  zero  motion  for  each  boundary  grid  point  along 
the  upper  oover/ring  gear  and  ring  gear/oase  interfaces.  This 
fixity  simulates  the  restraint  imposed  upon  the  boundary  of  one 
member  by  the  structure  of  its  mating  member. 


Based  on  the  grid  mesh  guidelines  outlined  previously  and 
locally  modified  to  be  compatible  v/ith  the  hardware  structure, 
tho  looations  of  the  geometric  grid  points  for  the  model  we’*® 
defined  from  design  drawings  and  by  crosn-chocking  on  an 
actual  housing.  Figure  31  shows  tho  case  hardware  and  the 
measuring  instruments  used.  CQUAD2  (quadrilateral)  and  CTR1A2 
(trianculav)  homogeneouirf  plate  (membrane  and  bonding)  elements 
were  used  to  connect  the  grid  points  and  build  the  NASTBAN 
acructural  model.  The  phyoical  properties  (thickness  end 


material)  were  defined  for  each  element.  The  mass  of  each 
element  io  considered  to  be  distributed  at  the  grid  points 
conneqtsd  by  the  respective  element. 

A Boeing  preprocessor  program  (SAIL  II  - structural  Analyses 
input  Language)  for  the  automatic  generation  of  grid  point 
ooordlnatea  and  structural  element  connections  was  uaed.  This 
preprocessor  allows  the  user  to  take  advantage  of  any  pattern 
which  oonuJcs  in  the  data  by^  providing  straightforward  tech- 
niguas  for  describing  algorithms  to  generate  blocks  of  data. 
SAIL  i I was  used  tO  generate  the  ring  gear  and  the  upper  cover^ 
including  the  mounting  legs,  one  leg  was  modeled  and  then  the 
other  three  we're  generated  by  a data  blook  transformation. 

$AiL  Wes  eieo  used  ekteniively  to  gsnerats  the  symnetrical 
porticna  of  the  caset  upper  mounting  flange » input  pinion 
barrel*  pump  . support*  a.nd  pump  drive  support  regions*  The 
itkodeling  of  the  irregular  portions  of  the  case  as  well  as  ths 
oonneoting  of  the  SAIL  generated  regions  was  done  manually. 

The  ektwnsive  computer-generated  plotting  capability  of  MASTRAN 
wes;  used  both  to  plot  the. unde formed  structure  to  debug  the 
BtruO'tural  model  end  to  plot  the  deformed  structure  to  define 
the  mode  shapes,  l^'igures  32  and  33*  which  show  plots  of 
various  orientations  of.  the  pass  model*  demonstrate  the 
vsreatilii.ty  of  the  MXSiTRAN  plotting  capability. 

nPOr  eaue  ..of  id,<)intif’ic!ation  the  case  was  subdivided  into  several 
regions  and  the  ppihte  i,n  each  region  were  labeled  with 
A epebifio,  but  ar^ltrafy*  series  of  numbers.  Although  these 
grid  poiht  luunbere  aot  only  as  labels*  they  affeot  the  band- 
width of  the  stiffness  and  mass  matriuss.  To  minimise  the 
matrix  bandwidth  for  most  efficient  running  of  NASTRAN,  the 
BANDIT  computer  program  (Reference  9)  waa  uaed  to  auto- 
matically renumber  and  assign  internal  aequence  numbers  to 
the  grid  points*  The  output  from  BANDIT  is  a set  of  SEQQP 
cards  which  ere  then  included  in  the  NASTRAN  bulk,  data  deck 
and  which  relote  the  original  external  grid  numbers  to  the 
Internal  numbers. 

The  model  includes  grid  points  reproeontative  of  the  structure 
where  the  shafts  are  8uppo.rtod  by  their  bearings  as  well  as 
grid  points  representative  of  the  planet-ring  gear  tooth 
meshea*  Those  grid  points  are  used  to  apply  the  dynaiwic 
excitations  at  the  mesh  frequencies  to  analytically  excite  the 
housing.  Although  each  geometric  grid  point  has  six  possible 
degrees  of  freedom  (three  translational  and  three  rotational) * 
the  dioplacements  normal  to  the  outer  surface  of  the  housing 


9.  Everstine*  G.*  BANDIT  - A COMPUTER  .PROGRAM  TO  RENUMBER 
NASTRAN  GRID  POINTS  FOR  REDUCED  BANDWIDTH*  Naval  Ship 
Research  and  Development  Center  Technical  Note  AML-6-70* 
February  1970. 


59 


rHOHT  VIUH 


Mon  axM 

VXIW 


urr  tiM 
vxw 


■ ■ I 
I 


AT*  vxmr 


figure  32.  Computar-Qttneratad  Plots  of  NASTRAN  Modal; 

CH-47C  Forward  Rotor  Tranitniaslon  Cana 
With  Sump. 
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are  of  most  interest  for  noise  evaluation,  since  this  out-of- 
plane motion  generates  sound  waves.  This  is  illustrated  in 
Figure  34  which  shows  that  as  the  vibrating  body  moves  forward 
from  its  static  equilibrium  position,  it  pushes  air  before  it 
and  compresses  it«  lit  the  same  time,  a rarefaction  occurs  im- 
mediately behind  the  body  and  air  rushes  In  to  fill  this  empty 
space.  In  this  way  the  oompresslon  of  the  air  Is  transferred 
to  distant  regions  and  the  air  la  set  Into  motion  known  as 
sound  waves.  The  result,  sound.  Is  the  auditory  sensation 
produced  In  the  human  ear  by  the  disturbance  of  air. 

To  conveniently  evaluate  the  motion  normal  to  the  case  surface, 
numerous  local  coordinate  systems  were  defined  and  oriented 
such  that  the  displacements  and  accelerations  calculated  at 
eadi  grid  point  oould  be  referred  to  a coordinate  system  having 
an  axis  normal  to  the  case  surface.  This  was  not  necessary 
for  the  ring  gear,  since  the  existing  global  cylindrical  coor- 
dinate system  provided  a normal  component.  One  degree  of 
freedom,  rotation  about  the  normal  to  the  surface,  was  con- 
strained since  the  stiffness  for  this  component  is  undefined 
for  NASTRhM  plate  elements.  The  other  two  rotational  degrees 
of  freedom  were  omitted.  All  triuxslational  degrees  of  freedom 
were  retained  to  accurately  represent  the  motion  of  the  actual 
housing.  Because  of  the  large  model  sise,  the  Quyan  reduction 
technique  was  used  to  reduce  the  sise  of  the  analysis  set. 
Distributed  areas  of  interest  were  defined  as  an  ASBT  (solution 
•at) . The  Qivans  method  of  eigenvalue  extraction  was  used  and 
the  modal  paramatars  are  summarised  In  Table  3.  The  NASTRAN 
weight  generator  feature  was  also  used  by  means  of  a PARAM 
card  in  order  to  calculate  the  model  weight.  The  weight  of 
the  actual  hardware  items  and  the  weight  as  predicted  by  the 
NA8TRAN  model  are  also  summarized  In  Table  3. 

The  contractor  is  confident  that  the  model  is  an  accurate 
representation  of  the  actual  transmission  housing  for  the 
following  reasons! 

1.  Use  of  a widely  accepted  and  thoroughly  validated  computer 
program  (NA8TRAN)  . 

2.  Extensive  computer-generated  plotting  capability  used  to 
debug  model. 

3.  Cross-checking  of  model,  design  drawings,  and  hardware. 

4.  Qood  correlation  of  model  and  hardware  weights. 

The  natural  frequencies  and  mode  shapes,  as  well  as  the  damped 
forced  renponse  for  the  gear  mesh  frequencies,  have  been 
determined.  The  dynamic  forces  at  the  bearings  which  excite 
the  system  were  determined  by  utilizing  the  computer  model  of 
the  CH-47  forward  transmission  dynamic  components  discussed 
In  the  previous  section. 
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Upper  cover  Model  Resulte 

A oomputttr-generated  plot  of  the  finite  element  model  of  the 
upper  cover  !•  provided  in  Figure  35.  The  dynamic  reaponae 
of  the  model  la  aummariaed  by  the  apeotrum  (Figurea  36  and  37). 
The  model  was  analyzed  with  the  four  lega  aimply  supported  to 
represent  attachment  to  the  airframe  structure.  Also,  the 
grid  points  along  the  upper  cover/ring  gear  interface  wore 
simply  supported  to  simulate  the  constraint  which  would  be 
imposed  by  the  ring  gear  structure  if  attached. 


in  order  to  obtain  all  the  modes,  the  entire  ring  was  analyzed 
as  a aimply  supported  structure.  Tbe  (sffeot  of  the  mass  of 
the  gear  teeth  was  inoiuded  by  using'  concentrated  masses 
(CONMASS),  but  their  contribution  to  radial  (hoop)  stiffness 
was  excluded.  Ah  automatic  plot  of  the  ring  KASTRAtif  model  is 
shown  in  Figure  38.  Also  in  the  figure,  the  hatural  frequencies 
of  thi  ring  are  shoiwn  oh  the  lower  portion  of  the  spectrum. 

The  main  exciting  mesh  frequencies  are  shown  on  the  upper 
portion  of  the  spectrum.  It  is  noted  that  the  natural  ffequen- 
cias  are  embedded  in  the  exciting  mesh  frequencies,  which  could 
load  to  considerable  amplification  of  noise  and  vibration.  A 
detuning  process  was  conducted  using  S-83  and  is  described  in 
a latdr  section. 


The  case  was  initially  analyzed  without  the  sump  attached  and 
with  a free  boundary  condition  at  the  oase/ring  gear  and  case/ 
sump  interfaces.  The  frequency  spectrum  for  this  configuration 
is  shown  in  Figure  39,  and  a NASTRAN  plot  of  the  housing  46th 
mode,  which  has  a natural  frequency  closest  to  the  exciting 
frequency,  is  shown  in  Figure  40.  Subsequently,  to  provide 
more  realistic  boundary  constraints,  the  sump  was  attached  to 
the  case  and  the  constraints  at  the  grid  points  on  the  case 
boundary  representing  the  caee/ring  gear  interface  were 
changed  from  a free  to  a simply  supported  condition.  The 
dynamic  analysis  of  the  model  with  the  sump  attached  and  with 
the  new  boundary  condition  was  rerun  on  NASTRAN  Rigid  Format 
3.  The  calculated  natural  frequencies  of  the  case  with  sump 
attached  and  the  main  exciting  frequencies  are  plotted  on  the 
■peotrum  shown  In  Figure  41.  The  spacing  between  the  natural 
frequencies  of  the  case  has  generally  bean  inareaaed  and  the 
rigid  body  modes  which  previously  existed  have  been  eliminated. 
The  mode  shapes  of  the  case  for  the  natural  modes  closest  to 
the  exciting  frequencies  are  plotted  in  Figure  42.  The  results 
of  the  dynamic  analysis  of  the  case  (with  svunp  attached)  were 
evaluated  using  the  strain  energy  program  (8-83)  and  the  areas 
for  modification  of  the  case  structure  ware  defined. 


(Uzidefoxaed  S] 


iiiiiiiiiii 


lilliiilli 


iiiiiiiiiiiitttiiiitsniiiiiii  I 

iiiiiiiiiii. 

mil  lUiiliiiiiiiiiiiiniiiilliiliinillll 

lilt 

llllllllii  lEEtitHiiilltiillK  i{|i{|}{i|{ 

IIIIIIIIIIIIlEttllSltlllltlMIilililillll 

iiitiiiiiiiiisiitmimiiiiliilt  ' ” ‘ 


lllilliirilillliliillillllillllllllilliiiii'  , 

IHIIIIIIT!''' 


lIliiiiiiiiiiHtttttttuesiittfl 

illllilillilllllHIIIflllllliliil 

iiiiiiiii 


I1I;;;|| 

\\m 

lll>ril 


li 


l!l 


Nllll 


O • 

13 


"(5  5 


1^1  B 


, « r iiltillllllllllllllllitllllllllMItlltIt  ( 

iiililihiiiiiisiiiNtiMiiiiiiiiiiiHinitiiiii  tii^ 

aiiiiwiiiiir" 

I-  iiiiiiiiiiiiiiiiiiiiiiiiiitiiitiB 


Hi 


11 


i 


jiijijiiiitliiiliiitiiHiililSilililiiHiilUitll 

— Iltttlit*ii>**<**************'^‘‘*'*'*********'i 

...  HlHlllllHllllimmHlUIIHHHHWHMHIt 

"lljj'JIJii'iiiiiiiiiiiririrrirM 

lllf 


Ipii 

iliiliiliiliHiiliiiii 


!!ii 


ii'i 


Itii 


lUf  

iililiiiiiiillllilllllliilHHiiliililM 


liilUtlltiiiliRi 


i 


u 

>2  M 

3 ifl 

W 4)  0 

■Sll 

U M 
fl  tM 


•NS  I 

§l5t 

im 


DSSe&HSB 


FIGCRE  40.  KASTRAN  Plot  of  Deforjaed  Housing,  Mode  #45,  Frequency  3141  Hz 


DETUNING  OF  THE  TRANSMISSION 


Every  structure  possesses  characteristic  frequencies,  called 
natural  frequencies,  at  which  it  will  vibrate  when  excited. 

A hollow  metal  cylinder  which  has  been  excited  by  a tr iking 
with  a mallet,  for  example,  will  develop  a wave  motion  with 
very  small  local  dleplacementa . Furthermore,  sound  is  emitted 
and  the  pitdh  of  this  aound  is  determined  by  the  frequency  of 
the  wave  motion.  Since  this  natural  vibratory  wave  motion  la 
periodic,  it  posaesaes  a natural  frequency. 

If  succeeding  applications  of  the  exciting  force  are  timed  to 
begin  to  act  just  at  the  Instant  that  the  wave  motions  are 
about  to  repeat  themselves,  a condition  known  as  resonance 
occurs.  Energy  will  accumulate  in  the  structure  to  such  an 
extent  that  the  amplitude  of  the  vibration  becomes  out  of 
proportion  to  the  exciting  force  producing  it.  In  tlie  case 
of  a tranamlaalon  housing,  l^e  exciting  forces  are  the  tooth 
meshing  loads,  if  this  exciting  frequency  or  its  harmonics 
coincides  with  a housing  natural  frequency,  resonance  will 
exist.  At  resonance,  since  the  wave  motions  produce  repeating 
deflections  which  may  become  large,  a fatigue  stress  will  be 
imposed.  If  this  stress  combined  with  other  stresses  exceeds 
the  fatigue  strength  of  the  material,  failure  will  occur,  in 
practice,  however,  due  to  the  damping  imposed  by  the  structure 
and  other  transmission  components,  resonant  fatigue  failure  of. 
transmission  housings  has  not  been  a problem. 

A useful  index  for  evaluating  the  possibility  of  resonance  la 
the  amplification  factor  (A  )*  which  is  a function  of  the 
ratio  of  exciting  frequency to  natural  frequency  o)  And  is 
plotted  in  Figure  43.  Examination  of  this  plot  shows  that 
when  the  exciting  frequency  equals  the  natural  frequency 
(jn/oo  «•  1)  the  amplitude  of  vibration  becomes  very  large. 
This  is  resonance.  If  damping  is  present,  the  amplitude  is 
reduced,  but  it  is  still  large  for  damping  in  the  typical 
range  encountered  in  practice  ( .1). 

To  Illustrate  the  concept  of  natural  modes,  consider  the 
simple  example  of  a thin  flat  disk.  Whan  the  disk  is  excit- 
ed at  resonance  on  the  bench,  the  natural  vibration  apMars 
as  standing  waves.  That  is,  segments  of  the  disk  are  in 
motion  but  other  areas  of  no  motion  (nodes)  are  also  well 
defined  (Figure  44) . 

From  the  above  disouaslon  of  resonance,  it  is  evident  that 
each  natural  mode  of  a structure  will  contribute  to  vibration 
in  proportion  to  its  amplification  factor,  consequently, 
since  each  mode  whose  frequency  is  in  the  vicinity  of  a for- 
cing frequency  will  be  a major  contributor  to  the  overall  dy- 
namic response,  it  is  desirable  to  alter  the  housing  natural 
frequencies  so  that  none  falls  close  to  an  exciting  frequency. 


This  may  be  a difficult  task  since  avoidance  of  one  resonance 
may  create  a new  resonance  elsewhere  in  the  frequency  spectrum, 
Tinleas  all  natural  frequencies  can  be  shifted  above  the  excit- 
ing frequencl4ii.  in  any  caae«  It  la  usually  preferable  to 
stiffen,  rather  than  weaken,  a structure  to  cause  the  desired 
frequency  shifts,  since  stiffening  results  in  smaller  vibration 
amplitudes  (Referenoe  10) . 
i 

Strain  energy  techniques  for  structural  optimisation  have 
evolved  in  recent  years*  For  applications  such  as  helicopters 
where  weight  is  critical,  it  is  more  appropriate  to  evaluate 
i the  strain  dsnsity  (strain  energy/volums)  distribution  within 

1 a structurs  vAiioh  providss  guldancs  for  vibration  reduction 

by  idshtifying  ths  structural  elemshts  participating  in  ths 
modss. 

To  optimise  the  transmission  componsnta  for  minimum  vibration/ 
noise,  ths  eigenvsotors  (mods  shapes)  and  natural  frsqusnciss 
are  calculated.  The  natural  frequencies  calculated  are  com- 
pared with  the  gear  mesh  exciting  frequencies  to  identify 
' each  mode  shape  whose  natural  frequency  is  doss  to  an  exolt- 

.[  ing  frequency  and  which  it  is  desirable  to  shift.  For  each 

appropriate  mode  shape,  ths  strain  density  distribution 
i throughout  the  structure  is  oaloulatsd.  Ths  structural  els- 

menta  with  ths  highest  strain  density  are  ths  best  candidates 
for  effective  modificatioh  of  the  natural  frequency,  sines  a 
minimal  weight  change  will  yield  s maximum  shift  in  natural 
frequency  (Rsfsrenos  11) . By  locally  altaring  tha  housing 
wall  to  ahsnge  the  mess  and  stlffnass  in  thaae  areas  of  high 
strain  danslty.  the  natural  fraquenoy  may  ba  ahiftad  away 
from  an  exciting  frequency. 

For  noiaa  and  vibration  reduction  it  is  Important  to  minimise 
the  displacement  at  the  bearing  locations.  This  may  bo  done 
in  several  wayst 

1.  Relocate  the  bearings. 

2.  Change  the  shaft  stiffness  distribution. 

3.  Change  the  shaft  maaa  distribution. 

4.  Change  the  bearing  stiffness. 


10.  Soodol,  Werner,  SHELL  VIBRATIONS  WITHOUT  MATHEMATICS  - 
PART  II.  Sound  and  Vibration,  April  1976,  p.  12*‘15. 

11.  Sciarra,  J.J.,  VIBRATION  REDUCTION  BY  USING  BOTH  THE 
FINITE  ELEMENT  STRAIN  ENERGY  DISTRIBUTION  AND  MOBILITY 
TECHNIQUES.  45th  Shook  and  Vibration  Symposium,  Dayton. 
Ohio,  August  1974. 


5.  Reduce  the  dynamic  tooth  forces. 


Thus,  the  possibility  of  resonance  is  eliminated  and  the 
vibration  and  radiated  noise  are  reduced. 


In  8ummary»  therefore,  the  approach  to  reducing  the  noise 
produosd  by  th^  transmission  was  divided  into  two  distinct  but 
complementary  areas.  First#  the  internal  components  were 
detuned  so  that  their  natural  frequencies  were  moved  as  far  as 
practical  from  the  various  mesh  excitation  frequencies. 

Second#  the  housing  itself  (in  this  case#  the  lower  case  and 
ring  gear  portions  of  the  housing)  was  detuned  by  Identifying  . 

the  areas  of  highest  strain  energy  density  and  then  selectively  p 

stiffening  these  areas  to  reduce  the  case  response  to  the  gear  !l 

excitation.  In  addition,  the  mode  shapes  of  the  internal  !' 

components  (specifically,  the  input  spiral  bevel  pinion  and  ' 

the  sun/bevel  gear  shafts)  were  evaluated  to  insure  that  the  p 

excitation  at  the  bearing  supports  (thus  the  excitation  |i 

applied  to  the  housing)  was  minimum.  i'i 

: iJ 


DBTUNIHO  OP  lOTSRNAL  COMPONBNT  BXGI1!M?1QM 

The  dynamic  excitation  of  the  housing  is  reduced  by  mini- 
mising the  dynamic  forces  at  the  shaft  support  bearings. 

This  is  a two-fold  task.  First,  the  excitation  due  to  the 
dynamic  tooth  forces  is  calculated  from  the  gear  geometry 
and  operating  conditions.  Second#  the  damped  forced  re- 
sponse of  the  shafts  responding  to  the  tooth  mesh  excitation 
loads  is  calculated  from  a finite  element  model  and  the  shaft 
is  detuned  using  strain  energy  methods  to  minimise  the  dis- 
placement at  the  bearings.  The  development  of  this  method, 
acoompliahment  of  extensive  dynamic  testing,  and  correlation 
of  data  are  described  fully  in  References  3 and  4.  Finally, 
the  dynamic  forces  associated  with  the  optimum  configuration 
of  the  internal  components  are  then  applied  to  excite  the 
model  of  the  housing.  To  study  the  response  of  the  trans- 
mission housing  to  these  forces  and  to  minimize  the  noise 
produced,  a finite  element  model  of  the  housing  was  developed 
and  analysed  using  MASTRhN. 


In  Table  4 the  natural  frequencies  of  the  baseline  internal 
components  system,  as  well  as  the  gear  mesh  exciting  frequen- 
cies, are  listed.  The  D-82  model  used  to  predict  these  fre- 
quencies is  automatically  plotted  and  shown  in  Figure  45.  In 
computer  program  S-68,  the  model  of  the  internal  components 
was  forced  to  deform  in  the  mode  shape  of  the  natural  freqtien- 
oy  closest  to  a mash  frequency.  The  strain  energies  and 


78 


'*Controllt(l  by  btarin^  atiffnast. 


PRELOAD  PATH 


Plgura  46.  Ua«  of  a«p  to  Chang*  Bearing 
Stiffneae  Through  Preload. 


I 


S 


strain  dansltlas  of  aach  of  tha  structural  alamants  vara  da- 
tarmlnad  and  tabulatad  from  highest  to  lowest,  the  structural 
elements  in  the  highest  strain  being  the  best  oandldates  for 
modification  of  the  appropriate  natural  trequenolas. 


The  structural  model  was  modified  according  to  the  results  of 
S-68.  The  new  natural  frequencies  are  shown  In  the  third 
oolvunn  of  Table  4,  The  natural  frequencies  just  above  the 
lower  planetary  mesh  second  and  third  harmonica  were  altered 
upward  away  from  the  exciting  mesh  frequencies > thereby  reduc~ 
Ing  their  anypllficatlon  factors.  Thle  reduces  the  level  of 
vibration  and  the  resulting  dynamic  bearing  loads  to  the 
transmission  housing.  The  bevel  mSSh  exciting  frequency  Is 
relatively  centered  with  respect  to  the  next  higher  and  next 
lower  natural  frequencies,  so  it  was  not  changed.  The  natural 
frequency  just  below  the  lower  planetary  first  harmonic  was 
unchanged  since  Its  value  la  controlled  by  a bearing  stiffness. 


A second  iteration  was  made  using  S*68,  and  a new  7th  mods 
shape  (lower  planetary  first  harmonic)  was  obtained.  Again, 
no  significant  change  of  this  natural  frequency  occurred. 

Some  bearings  may  be  stiffened  by  using  a preload  shim 
(Figure  46).  This  was  investigated  since  it  controlled  the 
natural  frequency  closest  to  the  lower  planetary  first  har- 
monic mesh  exciting  frequency.  The  bearing  of  the'  pinion  gear 
(shown  on  Figure  20),  however,  could  not  be  preloaded.  An 
alternative  method,  stiffening  the  internal  diameter  of  the 
pinion  below  the  bearing,  was  also  attempted.  This  modifica- 
tion resulted  in  no  change  to  the  natural  frequency.  The 
sixth  natural  frequency  U514  Ha)  wa^  found  to  be  controlled 
by  the  bevel/sun  gear  radial  bearing. 


DETUMING  QP  HOUSING  RBaPQNSli 


A complex  gearbox  such  as  a helicopter  rotor  transmission 
typically  has  more  than  one  gear  mesh,  hence  more  than  one 
exciting  frequency.  The  Boeing  vertol  CH-47C  helicopter  for- 
ward rotor  transmlsalon  employs  a spiral  bevel  gear  mesh  plus 
a two-stage  planetary  gear  system.  Hence,  each  of  these 
fundamental  gear  mash  frequencies  as  well  as  their  harmonics 
must  be  considered.  The  primary  frequencies  for  the  CH-47 
forward  rotor  transmission  at  243  rotor  rpm  have  been  ident- 
ified experimentally  as  the  bevel  gear  mash  frequency  and  the 
lower  planetary  gear  mash  frequency  (LPl)  and  its  second 
(LP2)  and  third  (LP3)  harmonics.  The  occurrence  of  multiple 
exalting  frequencies,  coupled  with  the  fact  that  the  housing 
possesses  many  natural  frequencies,  makes  it  a complex  task 
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to  d«tuna  the  houaing  ao  that  none  of  the 

clea  coinoidea  with  a natural  SJi  IntrS- 

of  Asteitlna  frecuenciea  in  the  form  of  aidebanda  are  intr 
dUoed^by  planetSy  oonfigurationa  (Reference  12)  and 

manufacturing  variationa  (Reference  13) . 

The  ejroari^ntal  Pf*^^**®  LJSSmiaaion 

IneluSK' ^ teatlng  of  a CH-47C  forward 

with  ihSarnal,  iJi^jfWBihtaJion  to  |KJ?S5*olSSn2!fca*anS^ex?' 
i^nta  and  aeceleratlona  of  tha  rotating  oomponenta^ana  ex- 
ternal inatrumaintation  i®. aSSvaia^haa  in- 

noite«  Corf elation  of  thla  data  with  thia  analyaia  naa^*" 

Sioatfd  thii^y,  '^tfying  the 

geowitjfy^e  internal  comi^hehta  may  he  detuned,  to  mlnimiae 
exoitaUon  of  the  hbwaih«.  hpplioation  of 
tedKhidSii  to  thife  dynamic  oomponenta  haa  identified  modifi 
have  ahalyticaily  reduced  the  loada  exciting 
Si  hSSalK  at  Se  LP3  frequenoiea.  Loada 

iS%h;  ar  (?;qu.noy  sinj*  .ff.ot. 

of  multiple  noiae  aoureea  are  added  logarithmically,  we 
reduction  bf  throe  out  of  four  noiae  aouroea  may  not  apprec- 
iably reduce  ^e  overall  noiae  level. 

liToiae  meaaurementa  hOvo  tended  to  cWfirm 

anonaea  exiat  and  generate  noiae.  Thia  ia  evldeiwed,  for 

Ixample,  5 the  Lpl  and  LP3  SJI- 

citing  Bource  for  theae  frequenoiea  la  *i*^?^J***^' 

the  masclmum  noiae  at  theae  frequenclea  emanatea  from  the 
mid-oaae  region  (Figure  47). 

It  ia  important  to  note  that  ain^  the 

will  vary  with  ehangea  in  operating  apeed,  the 

detuned  at  a apeciflo  operating  apeed.  The  application  of 

atrain  danaity  methoda  haa  led  to  identification  of  the  ereaa 

of  the  houaing  atruoture  (apeoifically,  ring  gear  and  caae) 

which  will  be  modified  to  detune  the  houaing  for  reduced 

vibration/noiae . The  attain  density  diatributlon  waa  ^eter- 

mlnad  uainc  the  NASTFAN  poat-proceaaor  for  the  modea  with 

frlSuenSiS  SllrSlrS  the  foSr  main  exciting  frequenoiea,  and 

the  elementa  with  high  atrain  danaity  were  identified. 


12.  Berane)c,  L.L.,  N018B  ABDUCTION,  McQraw  Hill  Book  Co.  1960. 

'll  s^Arnfaid.  H.,  Sohairer,  J.,  and  Spencer,  R.,  AN  INVISTI- 
QATION  OP  HELICOPTER  TRANSMISSION  NOISE  REDUCTION  BX 
VIBRATION  ABSORBERS  AND  DAMPING,  Vertol 
Boeing  Company,  U8AAMRDL  Technical  Report  7J-34,  SbJJtia 
SiJeStoratS,  U.8.  Army  Air  Mobility 
ment  Laboratory,  Port  Euatia,  Virginia,  Auguat  1972, 

AD7S2579. 
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Detuning  of  the  Ring  Gear 

The  principal  objective  of  thia  analysis  was  to  shift  the 
4770  Hz  natural  frequency  of  the  ring  gear  away  from  the 
lower  planetary  third  harmonic  frequency.  As  indicated  on 
the  spectrum  on  Figure  48,  this  exciting  frequency  (4698  Hz) 
had  a cluster  of  natural  frequenciee  close  to  it,  A strain 
density  analysis  (S-83)  indicated  Uiat  the  upper  portion  of 
the  wall  indentation  tot tiween  thS  upper  and  lower  planetary 
gear  tee  in  had:  the  maximxuti  strain  ;':»rifiity  and  was  the  area 
of  the  structure  which  should  be, modified  for  optimal  change 
of  the  third  harmonic  of  the  lower  planetary  mesh  frequency, 

A sample  of  the  S“83  analysis  output  J.s  shown  in  Appendix  B 
with  the  strain  density  calculated  for  the  outer  surface  of 
the  ring  gear. 

As  a result  of  the  strain  energy  analysis,  the  thickness  of 
the  wall  sections  between  the  upper  and  lower  flanges  was 
increased  by  0.2  inch  and  the  dynamic  analysis  was  rerun  with 
this  modified  structure.  The  results  of  a roanalysls  indi'- 
Gated  a shifting  upward  of  the  Wh61e  Cluster  of  natural  fre- 
quencies. The  natural  frequency  closest  to  the  mesh  frequency 
moved  from  4770  Ha  to  5178  Hz.  This  is  shown  on  the  spectrum 
on  Figure  48.  A natural  frequency  close  to  the  second  harmonic 
of  the  lower  planetary  stage  mesh  exciting  frequency  (3132  Hz) 
was  also  shifted  upward  from  3206  Hz  (unmodified)  to  3352  Hz 
(modified) . Therefore,  the  mesh  exciting  frequencies  of  the 
ring  gear  are  more  centrally  located  with  respect  ro  the 
natural  <’requenaies  with  the  modification  which  is  goodness 
for  vibrnt ion/noise  reduction,  in  fact,  the  undamped  aimpli- 
fication  factor 


“ Mesh  Exciting  Frequency 
Natural  Frequency 

for  the  second  harmonic  lower  planetary  mesh  frequency  was 
reduced  from  21.92  to  7.88.  For  the  third  harmonic  lower 
planetary  meeh  exciting  frequency,  the  undamped  amplification 
factor  was  reduced  fr^m  33.38  to  5.645. 

Detuning  of  the  Lower  Case 

When  applying  a strain  energy  analysis  to  a structure,  each 
mode  considered  will  typically  result  in  different  elements 
of  the  structure  being  in  a state  of  high  strain  density  and 
hence  will  yield  a different  strain  density  tabulation  se- 
quence. However,  some  high  strain  density  elements  are  gen- 
erally common  to  two  or  more  of  the  modee.  Strictly  speaking, 
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Figure  48.  CH-47  Forwara  Rotor  Tranamlssion  Ring  Gear? 

Modified  Configuration  and  Resulting 
Spectrum  (at  80%  Torque#  7460  RPM 
Sync  Shaft  Speed) . 
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the  eXementa  with  highest  atrain  (ienaity  fax  each  mode  should 
be  modified  tio  achieve  the  maximuii^  f^dq^uehcy  iphift  for  each 
cofresfiiohdin?  htode . oiiis  apX»^<3Bch  would  he  used  during  the 
design' of '.a  hew  structure . ' 

Sue  to  tht;,r!i.\Serdus.''hthurhl  modes 'hf  the. ;tran8sdssion  case  ! 
'and,  ,the  muitiple-  excihihg'  fretjuencies.,  ti;he.  detun'ing'.proaese  ' 
heft  is- 'noi  so  sthsidht forward^-  To  mddlt'y  the  existing 

housing  it  would  he  cunibersome  if  not  iiApoasihle  to  ineofpor- 
Ste  the  nuitierous  and  varied  modifioations  Indioated  hy  a 
rigofous  application  of  the  etraih  danSltV  enalyais  to  aaeh 
tr,6uhl.e'SPhe^'i(no.de • Therafore,  for  practioai-vapplication'  to 
the.  aMpSfimahtal  ihpuslng  harain*  l^ose  o lenient s with  a rala** 
tively  high  strain  density  and  which  are  common  to  two  or 
mpre  modis  have,  been  iden,itifieh  (shaded  areaa  in  Figure  49) 
and  modified  to“  fihlf t the  housing  frequencies . in  this 
manner  a specif lad  strupthral  ehahge  altars  two  or  more 
fraquaticiosi  although  ^rhthP  ho  Sihgla  frequency  is  shifted 
maximally,  it  was  more  feasible  to  modify  ^eae  elemetts 
since  the  actual  changes  to  the  exiating  housing  design  for 
testing  were  limited  to  a few  easily  accessible  areas  on 
the  exterior  walls  of  the  housing.  This. approach,  although 
not  the  best  posaible  from  a rigorous  application  of  the 
analysis,  should  provide  eufficient  detuning  to  demonstrate 
the  validity  of  the  analyeia.  The  objective  of  thiS  work  is 
to  predict  the  actual  ohange.  vrhatevar  it  may  be.  but  not 
neoeasarlly  to  optimize  the  housing  in  the  most  rigorous  way 
possible. 

Considering  this  strain  density  distribution  and  the  configu- 
ration of  tha  actual  hardware  (e.g..  oil  passages,  ribs),  the 
areas  of  the  housing  wall  which  were  modified  are  defined  in 
Figure  50.  Doubler  plates  will  bo  bonded  to  these  areas  for 
the  test  phase  in  order  to  simulate  an  increasa  in  wall  thick- 
ness. The  model  was  changed  to  include  these  modifications 
by  increasing  the  wall  thickness  by  0.300  inch  in  these 
localized  areas,  and  the  dynan-iic  analysis  was  rerun.  Figure 
51  show,  the  frequency  spectrum  for  the  modified  housing,  and 
Figure  52  is  a comparison  of  the  most  significant  frequencies 
for  the  baseline  and  modified  housing  configurations.  The 
shifting  of  frequencies  demonstrated  by  this  comparison 
verifies  the  effectiveness  of  the  strain  energy  method. 
However,  some  of  the  modified  frequencies  are  more  unfavorable 
th($n  the  original  configuration.  Because  J the  multitude  of 
natural  frequencies,  this  was  not  unexpected. 

Vibration Absorbers/Isolatore 

The  work  herein  was  modified  to  include  the  Investigation  of 
Isolators  in  lieu  of  bending  absorbers  as  originally  planned. 
This  change  was  justified  based  upon  the  results  of  the  rather 
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Figure  49.  CH-47C  Forward  Rotor  Transmission  Case  (with  Soup) 
HASTBAN  Model:  Areas  of  High  Strain  Density. 


iitiiir.r 


*ii 


imilllHIItlttllliltilillUlilillEttlil 

. ......IHIKIIlllltlltAjI*  >■>>*■****  ***2**^*** 

iliiilitiniiiiiiiiiHimSihiiiuakiiiM 

illiiiiiiliiiiiiHiiiiiiifHilHiiflliilllli 

i!>|l!ll!  iimaiiiniiiuiiiiuiiiiiHMiiiiHiiia 

lUi^niiiiiiniiiiiiiiiiiiiiiniiitiiiiiiiinij 

5 iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiin 

111  ill 

iiiiiiiniiiiiiiiitiHiiiiiniiiiiiiilii 


iiiiliiiiiiiijiiiiliiiRiinni 
pilllllillilillll 

ili' 


liii 
illii 
11  Hi 


iii 


S . 

9 u)  5 

m 0)  ‘H I 

y 0 


saitj 

•H  5)  o 'd 
0 w ^ a 

g'^g* 

a i-<  'H  I 
& nt  n 


i 

1 

£ H'2 

(M  V i H 
0 M M & 

4 

B 

'O 

H 

• 

H 

in 

0) 

cn 

*H 

Pm 

ransmission  Case 


extensive  previous  study  of  absorbers  in  Reference  14  and  the 
difficulties  with  absorbers  discussed  in  the  next  section. 
Conversely,  work  conducted  at  Boeing  Vertol  and  in  Reference 
15  indicated  that  isolators  offer  pr<»nlBe  In  reducing  the 
transmittal  of  high  frequency  vibration  energy  across  gearbox 
mounts  to  the  local  airframe*  Tests  Indicated  that  a 10  dB 
reduction  in  speech  interference  Ifvel  (SIL)  noise  could  be 
attained  by  replacing  the  standard,  main  'transmiaslon  attach- 
ments with  rubber  mounts  having  a static  spring  rate  equal  to 
that  of  the  airframe  at  the  attachment  point  (Reference  15) . 
Follow-on  work  corroborated  the  iiiitlal  results  and  produced 
a curve  showing  SXL  nOise  reduction  versus  relative  airframe- 
mounting stiffness.  Later  wdrk  using  an  electromagnetic 
shaker  and  Impedance  head  showed  the  usefulness  with  regard  to 
noise  reduction  of  both  Structural  damping  and  also  iiolat ion 
with  a static  spring  rate  that  is  compatible  with  transmission- 
airframe  relative  movement  restrictions. 

Optimum  Configuration 

The  modifications  defined  in  the  previous  sections  were  based 
on  considerations  of  the  separate  componentp  which  comprise 
the  transmission  (i.e.,  the  upper  cover,  internal  components, 
ring  gear,  and  lower  case).  Bach  of  these  modifications 
showed  potential  for  reducing  the  overall  nolie  and  vibration 
level  of  the  transmission;  however,  their  combined  effects  are 
difficult  to  predict  analytically.  The  effect  of  the  isolators, 
alone  or  in  combination,  was  not  estimated  analytically.  The 
predominant  noise  generator  is  the  lower  case  (based  on  the 
analysis);  thus,  the  changes  to  the  case  (adding  the  doubler 
plates)  and  to  the  internal  components  which  excite  it  (modi- 
fied sun/bevel)  should  provide  the  maximum  benefit.  The  in- 
terraction  of  the  modified  ring  gear  with  these  two  changes 
was  not  addressed  analytically;  however,  logically  it  should 
provide  an  additional  reduction.  Cross  coupling  of  the  indi- 
vidual effects  may,  however,  yield  contrary  data. 


14.  Howells,  R.W.,  and  Soiarra,  J.J.,  FINITE  ELEMENT  ANALYSIS 
USING  NASTRAN  APPLIED  TO  HELICOPTER  TRANSMISSION  VIBRA- 
TION/NOISE REDUCTION,  NASA  TMX-3278,  September  1975. 

15.  Badgley,  R.,  and  Laskin,  I.,  PROGRAM  FOR  HELICOPTER  GEAR- 
BOX NOISE  PREDICTION  AND  REDUCTION,  Mechanical  Technology 
Incorporated,  USAAMRDL  TR70-12,  Eustis  Directorate,  U.S. 
Army  Air  Mobility  Research  and  Development  Laboratory, 
Fort  Eustis,  Virginia,  March  1970,  AD869822. 
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AUXILIARy  DEVICES  FOR  VIBRATIONArOlSB  KSDUCTION 


The  main  throat  of  the  vgork  herein  was  directed  at  reduction 
of  vibration/noise  at  its  source  by  detuning.  Kevertheleas^ 
the  very  complex  nature  of  vibration/noise  generation  in  a 
helicopter  transmission  may  requite  that  some  type  of  auxiliary 
device  be  conslderad.  For  example,  a situation  may  arise 
where  it  is  possible  to  reduce  all  the  troublesome  frequencies 
by  detuning  except  for  one.'*  It  may  be  effective  to  treat  this 
one  remaining  frequency  by  using  some  type  of  auxiliary  device. 
It  is  also  conceivable  that  auxiliary  devices  may  be  needed  in 
addition  to  the  detuning  approach  to  meet  increasingly  strin- 
gent noise  standards.  Therefore,  a brief  discussion  of  .'>ijme 
types  of  auxiliary  damping  devices  is  included  here  for 
completeness. 


DISSIPATIVE  DPm.im 

Application  of  damping  material  to  the  surface  of  a structure 
by  spraying,  gluing,  plasma  flame  coating,  etc.,  may  be  effec- 
tive. since  moat  of  the  straining  action  (and  thus  energy 
conversion  into  heat)  will  be  confined  to  the  layers  closest 
to  the  structure,  thin  layers  of  damping  material  will  be  more 
coat  and  weight  affective  than  thick  layers  (Reference  10  ). 


objections  to  the  use  of  damping  materials  applied  to  the 
exterior  surface  of  helicopter  transmission  housings  include 
greater  coat,  added  weight,  concealment  of  cracks, and  heat 
retention.  Bach  of  these  must  be  traded  off  against  the 
potential  benefits. 

DYNAMIC  ABSORBERS 

The  concept  of  vibration  reduction  by  the  use  of  a dynamic 
absorber  is  that  at  the  resonant  frequency  of  the  absorber  the 
motion  of  the  structure  to  which  it  is  attached  is  attenuated 
at  the  point  of  attachment.  The  large  spring-mass  system  in 
Figure  53  represents  the  structure,  and  it  has  a sinusoidal 
force  applied  to  it.  With  no  absorber  attached,  the  structure 
vibrates  with  an  amplitude  determined  by  the  resonant  frequency 
of  the  system 


and  the  frequency  of  excitation  (.II) . when  the  absorber  is 
added  the  system  now  has  two  resonant  modes;  one  has  a lower 
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frequency  where  the  two  inaBses  (absorber  and  structure) 
vibrate  together  agalnat  the  larger  spring,  and  the  other  has 
a higher  frequency  where  the  masses  vibrate  against  each  other 


A force  applied  to  the  structure  can  excite  either  of  these 
modes,  but  somewhere  between  them  exists  a condition  where  the 
^sorber  moves  and  the  machine  does  not.  At  this  frequency, 
the  force  excited  by  the  absorber  on  the  structure  exactly 
cancels  the  driving  force,  since  the  structure  Is  not  moving, 
the  absorber  acts  as  If  It  were  attached  to  a solid  wall. 

This  frequency  Is  thus  the  resonant  frequency  of  the  absorber 
alone.  Therefore,  to  design  a dynamic  vibration  adsaorber  for 
an  undamped  two  degree  of  freedom  absorber/transmlsslcn  system, 
it  la  necessary  only  to  establish  that  the  uncoupled  natural 
frequency  of  the  absorber  Is  equal  to  the  frequency  of  excita- 
tion. Reference  16  contains  more  detail  and  derivations  of 
the  equations. 

A previous  test  program  was  conducted  by  Boeing  Vertol  (Refer- 
ence 2)  to  evaluate  the  effect  of  auxiliary  devices  such  as 
vibration  absorbers  and  dampers  on  the  noise  generated  by  a 
CH-47  forward  rotor  transmission.  Predicted  and  measured  re- 
sults were  compared,  and  a method  for  comparing  the  efficiency 
of  various  methods  of  transmission  noise  reduction  was  de- 
veloped. The  two  types  of  absorbers  used  are  Illustrated  In 
Figure  54.  Dynamic  vibration  absorbers  of  a bending  type  were 
bolted  to  the  ring  gear  to  stop  the  motion  and  thus  the  sound 
radiation  of  that  part  of  the  housing.  The  bending  absorbers 
were  tuned  at  the  planet-ring  mesh  frequency.  These  were 
actually  simple  cantilevered  beams  - three  turnable  screw  rods 
for  three  directions  of  vibration  reduction.  A sample  calcu- 
lation for  this  type  absorber  Is  presented  in  Figure  55.  The 
maximum  noise  reduction  achieved  during  the  test  was  2 dB  at 
the  microphone  closest  to  the  ring  gear,  and  the  vibration 
reduction  was  17%. 


Torsional  absorbers,  tuned  to  the  main  spiral  bevel  and  sun 
gear  mesh  frequencies,  were  placed  Inside  the  bovel/svtn  gear 
and  spiral  bevel  pinion,  respectively,  to  reduce  the  torsional 
motion  of  those  gears  at  their  tuned  frequency.  The  reduction 
of  the  dynamic  forces  on  the  gear  teeth  reduces  the  forces 


16.  Badgley,  R.H.,  A PLAN  TO  DEVELOP  TBCHNOLOOV  FOR  THE  RE- 
DUCTION OF  INTERNAL  NOISE  AND  HIGH-FREQUENCY  VIBRATION 
IN  HELICOPTER  AIRCRAFT  SYSTEMS,  MTl  Technical  Report 
MT1-71TR61,  Prepared  for  Eustis  Directorate,  U.S.  Army 
Air  Mobility  Research  and  Development  Laboratory,  Fort 
Eustis,  Virginia,  October  1971. 
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3 IDENTICAL  .^ODS 


TOP  VIEW 


4 X 2.9  X 10'  X 


7.32  X 10“^  xir  X . 
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£ - 1482  Hz 


Figure  55.  Oeonetry  and  Sample  Calculation  for  Bending 
Type  Dynamic  Vibration  Absorber a as  Applied 
to  Ring  Gear. 
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transmitted  through  the  bearings  to  the  casing  and  the  result- 
ing noise.  The  sun  gear  absorber  provided  about  an  8 dB 
reduction.  Lack  of  similar  effects  in  the  spiral  bevel  system 
was  attributed  to  the  fact  that  the  spiral  bevel  gear  is  not 
subjected  to  purely  torsional  excitation,  but  is  acted  upon 
by  dynamic  forces  which  have  axial  and  radial  as  well  as 
torsional  components.  The  resulting  vibration  of  the  spiral 
bevel  gear  thus  probeJsly  includes  axial,  radial,  and  torsional 
amplitudes.  A torsional  absorber  alone  is  not  suited  to  the 
reduction  of  all  these  components.  The  fundamental  gear 
mesh  frequencies  were  accompanied  by  very  atro>r^  {^idebanda 
due  to  planetary  gear  passage.  Since  the  pl-v  system  was 
not  treated,  this  limited  the  noise  reduct '.or-  achieved. 


Gear  damping  was  achieved  by  filling  the  gear  shafts  with 
Vi ton,  and  by  a ring  of  Vi ton  on  the  spiral  bevel  ring  gear 
(Figure  56) . Constrained  layer  damping  was  also  used  on  the 
outside  of  the  planetary  ring  gear  (Figure  57) . Figure  58 
summarizes  the  measured  reduction  in  transmission  case  vibra- 
tion and  radiated  noise,  and  compares  the  weight  of  each  device 
and  the  weight  required  to  achieve  a similar  reduction  by  con- 
ventional airfreune  acoustical  treatment.  The  results  indicated 
that  each  of  the  above  methods  provided  some  noise  reduction; 
however,  none  of  them  provided  a large  enough  reduction  to  be 
immediately  applicable  to  operational  aircraft. 

The  use  of  dynamic  absorbers  to  reduce  vibrations  and  radiated 
noise  has  several  inherent  problems.  For  an  absorber  of  any 
type  to  be  effective,  it  is  desirable  to  have  a sharp  resonant 
frequency;  that  is,  the  absorber  must  be  fine  tuned  to  a 
specific  frequency.  Figure  59  indicates  that  a slight 
deviation  of  the  exciting  frequency  from  the  fixed  tuned 
natural  frequency  results  in  a large  reduction  in  vibration 
absorber  effectiveness.  Typically,  rotor  speed  varies  between 
2%  and  3%  during  operation.  If  an  absorber  tuned  to  a set 
frequency  is  installed,  the  absorber  will  become  alternatej.y 
effective  and  ineffective  as  the  rotor  rpm  varies.  This  would 
result  in  a beating  noise  that  could  be  more  Irritating  than 
the  tonal  noise.  Another  troublesome  aspect  of  the  noise- 
vibration  spectrum  of  a transmission  is  the  occurrence  of 
sidebands  (Figure  60) . These  sidebands  are  created  by 
planet  passage,  coupled  torsional-lateral-axial  vibrations, 
and  gear  imperfections.  An  absorber  tuned  to  a mesh  frequency 
would  not  reduce  the  levels  of  the  mesh  frequency  sidebands. 

ABSORBER  EFFECTIVENESS  STUDY  (D-06) 

External  dynamic  absorbers  were  analytically  applied  to  the 
transmission  housing  and  evaluated  using  NASTRAN  Rigid  Format 
11.  Four  absorbers  were  simulated  at  grid  points  2091,  2093, 
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Figure  56.  Possible  Damped  Sun  and  Spiral 
Bevel  Gear  Configuration.  . 


Figure  57.  Possible  Ring  Gear  Damping  Strap, 


Figure  58.  Siaiaiau7  of  Absorber  TOst^  Resulbs 
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Figure  59.  Compuriaon  of  Predicted  and  Moaaurod  ypiral 
Bevel  Toraional  Absorber  Response. 
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2001,  and  2001  aa  shown  in  Fivjuro  61.  Thoao  pointa  repioaent 
tlio  locations  at  which  the  pinion  support  boarings  react 
upon  the  case.  A remote  point  (2062)  was  used  as  an  evaluation 
point.  Each  of  the  four  absorbers  weighed  1.6  lbs  and  was 
tuned  to  the  bevel  gear  mesh  frequency  of  22654.6  rad/sec. 

Evaluation  of  the  model  indicated  that  by  applying  absorbers 
analytically  on  the  housina  at  the  points  of  load  application 
(1,6,1  bearing  supports),  the  excitation  of  the  housing  was 
reduced.  The  original  deflection  of  evaluation  point  2062  was 
260 inches.  After  attadment  of  the  four  absorbers,  this 
was  reduced  to  I61.A  inchoa,  llowevdr,  it  is  doubtful  that 
tills  reduction  is  true  throughout  the  transmission  case. 

There  are  also  several  practical  considerations  that  may 
limit  their  usefulness.  The  curvature  of  the  transmission 
esse  would  make  tl\o  actual  attachment  of  absorbers  difficult. 


The  high  frequency  (3605  Itn)  could  also  cause  a fatigue  failure 
in  the  absorber.  Further,  since  a dynamic  absorber  is  effec- 
tivre  only  for  a very  narrow  range  of  frequencies  to  which  it 
is  tuned,  this  approach  la  effective  only  if  there  is  a clearly 
defined  exaltation  frequency  at  which  a low  vibration  amplitude 
la  desired.  By  adding  a dynamic  damper,  not  only  are  the 
natural  frequencies  of  the  structure  shifted  to  new  values 
(which  may  be  troublesome) , but  at  least  one  additional  degree 
of  freedom  is  added  which  may  have  a mode  with  a natural 
frequency  In  the  ranvjo  of  exciting  frequencies, 

Xn  view  of  the  above  problem  areas,  the  use  of  dynamic 
absorbers  as  a general  transmission  noise  reduction  method 
must  bo  further  evaluated.  Although  they  do  not  provide  an 
overall  solution  to  the  vibration/noise  problem,  dynamic 
absorbers  may  bo  useful  to  reduce  the  response  at  a particu- 
larly troublesome  frequency  vdiich  cannot  be  reduced  by  other 
methodH.  This  may  be  a oonuwon  situation  for  helicopter  trans- 
missions which  posaosH  aovoral  oxciting  froquoncieo. 

ISOLATORS 

Direct  attachment  of  the  transmisalon  to  the  primary  airfran>o 
structure  plays  a major  rolo  in  noise  amplification  by  struc- 
tural resp^so  and  re-radiation.  Figure  62  emphasiysuB  this 
fact  by  showing  the  effect  of  13  lbs  of  skin  damping  treatment 
on  cabin  noise  level.  Vibration  isolators  attempt  to  control 
the  transmission  of  high  frequency  vibration  energy  across 
gearbox  iwounts  to  the  local  airfranM.  Teats  described  in 
Reference  IS  indicate  that  10  dB  reduction  in  speech  inter- 
ference level  (SIL)  was  attained  by  replacing  standard  main 
transmission  attachments  with  rubber  mounts  having  a static 
spring  rate  equal  to  tliat  of  the  airframe  at  the  attachment 
point.  A curve  allowing  61L  noise  reduction  versus  relative 
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Figure  62.  Effect  of  Skin  Damping  on  Cabin  Noiae  Levels 
(Keferenoe  16) . 


Figure  63.  Cabin  Noise  Reduction  From  Isolating  Element 
Between  Transmission  Housing  and  Airframe 
(Reference  16) . 
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airfraine>-mo\inting  stiffness  was  produce<3.  Later  work  using  an 
electromagnetic  shaker  and  impedance  head  showed  the  noise 
reduction  due  to  both  structural  damping  and  Isolation  with 
a static  spring  rate  compatible  with  transmission-airframe 
relative  movement  restrictions  (Reference  16) . Figure  63 
shows  the  benefits  of  Isolation  of  the  transmission. 

To  investigate  the  use  of  Isolators « a 1/4  scale  CH-47C 
forward  pylon  was  tested  and  indicated  that  main  source 
of  noise  was  structure-borne  with  the  frames  responding 
mostly  at  high  frequencies.  For  a full  scale  application  of 
vibration  isolators  between  the  transmission  mounting  legs 
and  airframe*  calculations  indicated  that  the  650  ft-lbs  of 
torque  required  on  the  attachment  lug  of  a transmission  leg 
would  put  32*400  lbs  compressive  force  (dry)  to  62*400  lbs 
compressive  force  (wet  lubrication)  on  an  isolator.  Thus* 
extrusion  could  be  a problem  as  well  as  misalignment.  For 
test  purposes*  a lightly  loaded  isolator  was  used  to  assess 
the  proportions  of  structure-borne  and  airborne  noise.  Figure 
64  indicates  the  predominance  of  airborne  noise. 
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NOISE  PREDICTION  AND  REDUCTION 


To  reduce  transmission  noise,  the  shaft  displacements  at  the 
supporting  bearings  must  be  reduced.  This  is  accomplished  by 
predicting  the  damped  forced  response  (DPR)  of  the  gear  shafts 
using  computer  program  D-82.  Tlie  shafts  are  then  modified  and 
a new  response  is  determined.  This  procedure  is  Iterated  until 
minimum  displacements  are  achieved.  The  change  in  displacements 
must  then  be  related  to  the  change  in  noise  level. 

The  relationship  of  the  resultant  noise  reduction  to  the  change 
in  shaft  displacement  is  very  complex.  If  a single  shaft  were 
supported  by  a single  bearing,  the  resultant  noise  reduction 
would  behave  epproximately  as 

SPL  ■»  20  log  (kx)  New 

(kx)  Basel  in? 

where  F «>  kx  is  the  dynamic  force  at  the  bearing  station. 
However,  in  practice  transmissions  have  two  primary  shafts 
(excluding  the  rotor  shaft)  and  several  supporting  bearings. 

This  presents  considerable  difficulty  in  estimating  the  noise 
reduction. 

There  are  several  ways  to  consider  this  problem.  One  is  to 
consider  each  bearing  as  a separate  noise  source;  another  is 
to  consider  all  the  bevel  shaft  bearings  as  a second  source. 

A third  approach  is  to  consider  the  case  as  a single  large 
noise  source  being  driven  by  the  resulting  sum  of  the  dynamic 
forces.  However,  without  knowledge  of  how  the  case  will 
respond  it  is  not  clear  which  of  the  above  models  is  suitable 
(if  any) . 

A method  of  predicting  the  change  in  sound  pressure  level 
(SPL)  associated  with  a change  in  shaft  response  was  developed 
by  Boeing  Vertol  in  the  HLH/ATC  Noise  Reduction  Program 
(Reference  4) . This  method  has  been  improved  upon  as  a result 
of  a company- sponsored  independent  research  and  development 
program  in  which  a statistical  correction  factor  (B),  which 
is  a function  of  gear  mesh  frequency,  was  developed.  This 
factor  is  incorporated  into  the  analysis  as  follows: 

^SPL  corrected  » (1  + B)  AsPL  predicted  (2) 

where  B - -6.5S39  + 6.3943  x 10“3  f - 1.330  x 10“6  f2  and 
f « gear  mesh  frequency. 


Using  this  correction  factor,  the  noise  reduction  in  the  lower 
stage  planetary  mesh  frequency  range  (800  to  1600  Hz)  was 
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prodictod  to  within  +3  dB  with  ? 90%  confidonce  .1. ovol.  Tho 
results  woro  not  ns  dramatic  for  tho  bovol  mosh  frequency 
range  (1950  to  1600  Hz);  however,  42%.  of  tlie  tost  samples  were 
within  2 dB  of  moasurwd  values  as  compared  to  32%  without  the 
correction  factor.  The  results  of  this  pro<^ram  are  summarized 
in  Table  5 for  the  sun  frequency  range  and  In  Table  6 for 
the  bevel  frequency  range,  it  is  apparent  that  this  method  is 
still  unsatisfactory  in  the  higher  (bevel)  frequency  range, 
whore  elastic  body  modes  of  the  shafts  and  case  may  bo  excited 
which  do  not  lend  themselves  to  this  type  of  analysis. 


TABLE  5.  TRACKING  SUN  MESH  (800  Hz  - 1600  Uz) 


PERCENT  01'  SAMPLE 

WITHIN 

XdD  OF 

PREDICTED 

PREDICTED 

2dn  3cln 

4dn 

6dB 

1 2dn 

> 12d» 

W/0  8 

40  50 

75 

82 

90 

2 

WITH  6 

90  98 

100 

- 

- 

- 

NOTEj  0 Microphonoa,  95 

Snniplo 

Points 

TABLE  6.  TRACKING/BEVEL  MESH 


PERCENT  OF  SAMPLE 

WITHIN  XdO 

OP  PREDICTED 

PREDICTED  2da  4dB 

6d» 

12dB 

>12dB 

W/0  3 32  53 

75 

96 

4 

WITH  3 42  55 

79 

92 

a 

NOTEj  6 MlcrophoiuiB,  94 

Sample  Points 

Therefore,  this  approach  to  predicting  changes  in  SPL  should 
be  considered  as  an  interim  approach.  The  approach  which  will 
yield  the  maximum  utility  will  calculate  the  resultant  noise 
levels  as  a function  of  cyclic  energy  at  the  shaft  supporting 
bearings.  This  would  also  greatly  simplify  the  trade  of 
acoustical  treatment  weight  for  shaft  weight.  The  present 
difficulty  arises  because  tho  method  of  calculating  overall 
noise  levels  is  based  on  torsional  resonanco.s  of  the  trans- 
mission system,  whereas  the  method  of  predicting  changes  in 
noise  reduction  is  based  mainly  on  lateral  resonances. 

Due  to  the  very  complex  relation  of  noise  to  vibration,  a 
semiempirical  approach  to  transmission  noise  prediction, 
based  on  cycled  energy  at  the  gear  mesh,  was  developed  by  MTl 
(Reference  10,  page  288) . This  scheme  assumes  that  some  small 


fraction  (o<  ) of  the  cycled  energy  of  the  power  train  is  lost 
as  acoustic  energy.  Tne  case  is  initially  assumed  to  he 
spherical  in  geometry,  and  then  a geometry  correction  factor 
(0)  is  employed.  These  are  empirical  constants,  and  the 
product  ^ & = 2.06  X 10“^  was  experimentally  determined  to 

correlate  with  the  CH-47C  transmission  test.  The  SPL  is  then 
calculated  by  the  following  equation: 

L,  - 10  loq  [4.94  X 10^  .(.B  f2.e, 

■ L 

The  peak  values  of  the  mesh  sinusoidal  excitation  (e©,  /A 
inches)  are  calculated  by  the  computer  program  GGBAR  (R-67) , 
and  the  dynamic  tooth  force  (Pq,  lbs)  is  calculated  using  the 
computer  program  TORRP  (R-32).  The  sound  pressure  level  Lf 
is  in  dB,  and  f,  the  mesh  frequency,  is  in  CPS.  The  radial 
distance,  r,  to  the  center  of  the  transmission  is  in  feet. 

The  above  formula  has  generally  been  used  for  noise  prediction 
with  some  degree  of  success.  It  is  expeditious  because  it  in- 
volves only  the  relatively  simple  and  quick-running  computer 
programs  GGEAR  and  TORRP.  It  la  only  necessary  as  a side 
calculation  to  obtain  the  modified  gear  contact  ratio  and  the 
subsequent  equivalent  gear  tooth  compliance.  Through  the  use 
of  Tregold's  approximation,  helical  and  spiral  bevel  gears  may 
be  included  in  the  noise  prediction,  since  GGEAR  applies  only 
to  spur  gears  (Reference  17) . 


The  modified  contact  ratio  is  calculated  by  program  R20.  For 
completeness , it  is  noted  that  a sample  manual  calculation 
for  the  modified  contact  ratio  for  the  CH-47  forward  rotor 
transmission  spiral  bevel  gears  is  shown  in  Reference  4.  A 
sample  calculation  for  the  equivalent  gear  tooth  compliance 
is  as  follows: 

“ (QJIABC  + QJ2ABC)  min  + QJD  (4) 

Whore 

QJIABC,  QJ2ABC  are  the  oompllances  of  the 
driving  and  driven  gears. 

QJD  ••  0.04593  in. /lb  (Hertzian  compliance) 

(QJIABC  + QJ2ABC)  min  » 0.0481  in, /lb 


) 

17.  Gu,  A.L.,  and  Badgley,  R.H.  , PREDICTION  OF  GEAR-MESH- 

INDUCED  HIGH-FREQUENCY  VIBRATION  SPECTRA  IN  GEARED  POWER  ;j 

TRAINS,  Mechanical  Technology  Incorporated,  USAAMRDL 

TR  74-5,  U.S.  Army  Air  Mobility  Research  and  Development  ^ 

Laboratory,  Fort  Eustis , Virginia,  January  1974,  AD777496.  j 
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“ 0*09403  in. /lb 
25*^  moan  spiral  angle 
0 22.5°  prosaure  angle 

h - m-1  - 1.936  - 1 - 0.936 

^R1  “ ^'^12^  min/ (ooi*i|i)  (coe’i^)  • 0.134117  u in^b 

**1-2  “ ‘*R1  (^0.936]  ) - 

0.09646  Min. /lb 

qj^_2  “ 0.09646^in. /lb(Rqulvalent  Goar  Tooth  Complinnoo) 

*^1-2  " ^''^‘*1-2  “ 10*367  X 10®  Ib/in.  (Equivalent  Ooar 
Tooth  atiffnosa) 


Another  wey  to  predict  noise  levels  is  given  on  page  3-118 
o£  Reference  18.  Here*  the  SPL  is  more  naturally  calculated 
from  the  acoustical  power  generated  by  a vibrating  surface. 
This  would  be  more  appropriate  to  the  analysis  of  the  noise 
output  from  the  CH-47  transmission  case.  The  development  of 
the  analysis  is  given  here. 


A surface  vibrating  in  a fluid  medium  emits  sound.  The 
acoustic  power  that  is  transferred  to  a medium  by  a vibrating 
surface  depends  on  the  physical  characteristics  of  the  medium* 
the  oscillatory  volume  displacement  of  the  fluid  caused  by  the 
vibrating  source,  and  the  size  and  shape  of  the  generator. 

The  acoustic  power  generated  by  a vibrating  surface  can  bo 
expressed  by 

P “ ^ lO”^  watts  (5) 

where 


U “ rate  of  volume  displacement  of  fluid  (cc/bqc) 


R.  « acoustic  radiation  resistance  seen  by  source 
(acoustic  ohms) 


Let  the  amplitude  of  the  oscillatory  displacement  of  an  area 
element  dA  be  W,  and  the  frequency  be  U)  throughout  the  area  A 
at  a particular  mode.  Then, 


u “ dA 


CO  W A 


(6) 


18.  Gray,  D.E.,  Coordinating  Editor,  AMERICAN  INSTITUTE  OF 
PHYSICS  HANDBOOK*  Second  Edition,  McGraw-Hill  Book 
Company,  inc.,  New  York,  1963. 
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where 


W - 1 W dA  (7) 

A *^A 

•>  Average  dlaplaoement  an\plltude 

The  acoustic  radiation  resistance  R&  depends  on  the  size  and 
shape  of  the  generator.  Two  typical  shapes  are  discussed  in 
Reference  18 i pulsating  sphere  and  vibrating  piston.  In 
both  oases, 


where 


K C if  D 

A ^ 


^ - density  of  medium  (gm/cc) 

C " velocity  of  sound  in  medium  (cm/sec) 

0 ■ diameter  of  sphere  (or  piston)  (cm) 

Pi  ■ iL  ■ wavelength  (cm) 

CO 


CO  * frequency  (Hz) 

K ■>  a numerical  factor 


(8) 


The  numerical  factor  K is  equal  to  unity  when  1,  i.e., 

in  the  high  frequency  range  (see  Figure  31-1  of  Reference  IB). 
In  the  lower  frequency  range,  K is  less  than  1.  To  esti- 
mate the  value  of  K at  low  frequency  from  the  gearbox 
noise  standpoint,  take  the  fundamental  frequency  of  the  CH-47 
upper  planetary  meshing,  406  Hz  for  example.  The  wavelength 
^ " C/iO  is  approximately  75  cm  or  30  in.  Suppose  that  the 
diameter  of  the  ring  gear  is  taken  as  D.  Then  D/|^  " 22/30  " 
0.73.  According  to  Figure  3i~l  of  Reference  IB,  K ■ 0.85  for 
a spherical  source,  and  K ■>  1 for  a vibrating  piston.  It  is 
therefore  concluded  that  the  value  of  K is  not  far  from  unity. 
For  acoustic  power  computation,  set 


K « 1 


(9) 


Using  Equations  (6) 
as 

2 2 

P » 03  W A 


/ (8)  and  (9),  Equation  (5)  can  be  written 


(2^^^)^  ^ C X 10“"^ 


(10) 


where 


P - acoustic  power  (watt) 
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W = frequency  (Hz) 

W = average  displacement  amplitude  (cm) 

2 

A » area  (cm  ) 

^ density  of  medium  (gm/cc) 

C n velocity  of  sound  in  medium  (cm/sec) 

For  helicopter  noise,  the  medium  is  air,  with  P-  0.00122  gm/cc 
and  C ■>  33,700  cm/sec.  Thus,  ' 

P «•  1.62  X 10"^  W ^ A (watt)  (11) 

•12 

Choose  a reference  acoustic  power  of  10  watt.  Then  a power 
level  in  dB  can  be  defined  as 

^power  ^°^10  — <12) 

where 

Sower  “ 

P ” acoustic  power  (watt) 

For  a point  source,  the  power  level  is  related  to  the  sound 
pressure  level  measured  at  a distance  r by 

Sower  " Spl  20  ^ <^3) 

where 

Sower  " level  (dB) 

^SPL  “ eound  pressure  level  (dB) 

r * distance  from  the  source  at  which  Lgpjj  is 

measured  (meter) 

-12 

The  reference  for  the  power  level  is  10  watt,  and  the 
reference  for  the  sound  pressure  level  is  0.0002  microbar. 

At  approximately  r 1 ft  0.305  meter.  Equation  (13)  reduces 
to 

Sower  ^ ^ SPL  ^ ^ 
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Thus, 


L L 

SPL  power 


10  logj^Q 


(dB) 


(15) 


Therefore,  the  sound  pressure  level  measured  at  1 foot  from  a 
point  source  Is  approximately  equal  to  the  power  level,  both 
in  units  of  dB.  Equations  (13),  (14),  and  (15)  are  valid  only 
for  a point  source.  In  applying  Equations  (13) , (14) , and  (15) 
to  the  noise  generated  by  ring-gear  casings,  a geometrical 
configuration  factor  should  be  introduced  to  take  into  account 
the  casing  geometry.  However,  this  factor  is  neglected  in  the 
sound  pressure  level  calculation  for  simplicity. 


BASELINE  DATA  AND  CORREIATION 


BASELINE  DATA 

An  extensive  dynamic  teat  of  a CH~47C  forward  tranamiaaion  was 
oonduotad  in  the  Boeing  Vertol  closed-loop  teat  stand  under  a 
previous  USAAMRDL  contract  (Reference  4) , The  tranamiaaion 
was  instrvunented  both  internally  and  externally  to  measure 
atrainsi  displacement a#  and  accelerations  of  rotating  compo- 
nonta,  and  case  acceleration  and  nolae  levels*  respectively. 
This  teat  program  waa  unique  in  that  it  incorporated  instru- 
mentation and  rotary  transformers  operating  in  the  hot-oil 
environment  of  the  transmission.  Two  14-channel  tape  recorders 
were  used  with  sequencing  schedules  to  allow  for  logical 
groupings  of  signals  recorded  simultaneously.  Speed  sweeps 
and  stabilized  speeds  were  recorded  for  several  transmission 
torques.  Nearly  25*000  data  points  were  successfully  recorded 
during  this  test  program. 

The  primary  objective  of  the  test  effort  was  to  obtain  experi- 
mental data  for  use  in  verifying  existing  computer  programs 
which  have  been  developed  for  the  prediction  of  the  high- 
frequency  vibration  characteristics  of  transmission  components. 
A secondary  objective  was  to  demonstrate  the  feasibility  of 
measuring  very  small  displacements  and  dynamic  loads  within 
the  hot-oil  environment  of  an  operating  transmission.  The 
teat  setup*  hardware,  instrumentation*  data  reduction*  and 
example  output  data  are  fully  documented  In  Reference  4. 

No  additional  baseline  tasting  has  been  conducted  for  this 
present  program;  the  data  collected  in  Reference  4 has  provided 
the  baseline  data.  Only  a small  portion  of  this  raw  data* 
which  is  stored  at  the  Boeing  Vertol  Acoustic  Laboratory  and 
occupies  some  80  reels  of  14-channel  magnetic  tape,  had  been 
previously  reduced  and  analyzed.  Reduction  and  analysis  of 
additional  test  data  have  continued  for  this  new  program. 

Shaft  displacements*  vibrations  and  accelerations  of  shafts 
and  case*  and  noise  level  data  have  been  reduced.  The  two 
primary  formats  for  presenting  the  data  are  narrow>.band 
spectrum  analysis  for  stabilized  speeds  and  gear  mesh  frequency 
tracking  for  speed  sweeps.  Examples  of  these  two  formats 
are  shown  in  Figure  65. 

The  correlation  of  the  reduced  data  includes  five  aspects: 

1.  Vibration  amplitude 

2.  Vibration  mode  shape 

3.  Vibration  natural  frequencies 

4.  Noise  level  spectrum 

5 . Method  improvements 
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Figure  65.  Seleation  of  Correlation  RPM 

for  Spiral  Bevel  Mesh  Prequenoy. 
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Examples  of  this  correlation  process  were  presented  in 
Reference  3 where  mode  shapes  of  the  shafts  were  compared  to 
measured  displacements.  Another  aspect  of  data  correlation  is 
to  evaluate  the  mathematical  model  and  modify  it  as  Indicated 
hy  test  data.  For  the  transmission  shafting « two  changes  to 
the  model  were  Incorporated.  First , the  data  indicated  strong 
coupling  of  the  shafts  In  the  model;  so  the  model  was  modified. 
The  second  change  to  the  original  model  was  to  approximate  the 
planet  support  to  the  sun  gear  by  linear  springs  having 
stiffness  equal  to  50^  of  the  calculated  carrier  post  stiffness. 
From  a study  of  the  effect  of  planet  support  on  the  DFR  of  the 
sun  gear.  It  appears  that  the  two  opposite  carrier  posts  are 
acting  as  springs  In  series  to  maintain  the  sun  gear  In 
position.  Tharefora.  a 5096  post  stiffness  was  used  in  the 
model,  which  resulted  in  excellent  agreement. 

Another  example  of  correlation  and  feedback  based  on  earlier 
results  Is  demonstrated  In  Figure  66  where  the  ring  gear 
response  Is  analysed,  in  this  example,  a traco  of  an  acceler- 
ometer, mounted  on  the  CH~47  ring  gear,  Is  shown  tracking  the 
sun  mesh  frequency.  The  predicted  natural  frequencies 
obtained  with  the  earlier  math  modal  are  superimposed  on  this 
trace.  The  response  of  the  ring  gear  to  the  sun  frequency  Is 
Interesting  in  that  the  first  natural  frequency  la  predicted 
at  5400  rpm  and  no  prior  response  Is  noted.  The  nearness  of 
the  first  five  crltlcals  probably  accounts  for  the  retained 
height  of  the  peak.  Why  the  peak  does  not  drop  off  is  not 
clearly  understood.  It  is  speculated  that  assumptions  used  In 
modeling  the  end  fixity  of  the  ring  gear  were  not  representative 
of  the  a3tual  end  fixity.  By  changing  the  fixity  to  provide 
for  a stlffer  constraint,  the  lower  predicted  frequencies  can 
be  shifted  to  the  right  (l.o.,  to  higher  critical  frequencies). 
Feedback  such  as  this  will  be  Incorporated  Into  the  case  model 
as  part  of  this  program. 

A sample  of  case  acceleration  spectrum  is  shown  In  the  lower 
portion  of  Figure  66.  Note  the  well  defined  spikes  at  the  gear 
mesh  frequencies.  These  accelerations  are  readily  converted 
to  displacements  as  follows; 

let  X » A sin  U)  t 

then  X = - AOD  sin  U)  t 

Using  these  displacements,  the  predicted  response  may  be 
compared  to  the  test  data. 


SYMC  SHAn  SPEED  < RPN 

RXMO  OEAK  RESPONSE  TO  GEAR  MESH  PREQUBNCXES 


Fiqure  66. 


GEAR  MESH  FREQUENCIES 


Example  of  Test  Data  for  Correlation  Study. 
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Figure  67  presents  typical  baseline  noise  data  in  its  reduced 
form.  The  top  of  the  figure  shows  a spectrum  of  the 
noise  o\itput.  The  lower  portion  of  the  figure  demonstrates 
how  the  data  is  broken  down  into  a third-octave  band  analysis. 

From  several  such  plots  the  maximum  noise  levels  and  corresponding 
frequencies  for  various  locations  on  the  transmission  have  been 
identified.  Figure  68  summarizes  these  maximum  baseline  noise 
levels  for  the  LPl,  LP2,  LP3,  and  bevel  mesh  frequencies  at 
an  operating  condition  of  7460  sync  shaft  rpm  and  80%  torque. 

A further  example  of  the  data  being  reduced  for  correlation 
purposes  is  presented  in  Figure  69,  which  summarizes  baseline 
case  vibration  spectra  at  several  locations. 

The  damped  forced  response  (DFR)  la  determined  by  applying  the 
calculated  dynamic  forces  to  the  D-82  model.  The  DFR  of  the 
sun  gear  responding  to  the  bevel  frequency  Is  shown  In  Figure 
70  with  the  displacements  at  right  angles  to  each  other 
identified  as  Y and  Z and  the  torsional  displacements  indicated 
by  Q.  Since  these  displacements  are  not  in  the  direction  of 
the  proximity  probes,  section  cuts  through  the  plane  of  the 
probes  were  determined  and  are  shown  in  Figure  71. 

Superimposed  on  these  figures  are  the  test  results,  as  deter- 
mined by  phase-corrected  proximity  probe  data,  in  terms  of 
amplitude,  the  agreement  of  the  predicted  and  measured  dis- 
placements is  excellent  for  the  larger  displacement.  The 
correlation  of  the  smaller  displacements  is  not  quite  as  good; 
however,  several  things  must  be  considered  In  evaluating  these 
very  small  displacements.  First,  the  smaller  displacements 
(i.e.,  less  than  30  mlorolnches)  are  often  associated  with 
nodes,  and  a small  error  in  predicting  its  position  can  result 
in  a larger  error  in  displacement  (at  least  in  terms  of 
percentage).  Another  item  to  coneidnr  is  that  instrumentation 
error  becomes  a factor  for  very  small  displacements.  Finally, 
small  displacements  are  a measure  of  goodness  and  therefore 
are  not  as  interesting  as  the  large  displacements.  What  is 
important  is  to  predict  large  displacements  when  they  are 
large  and  small  displacements  when  they  are  small. 

As  Important  as  predicting  displacements  is  predicting 
mode  shapes.  The  DFR  of  the  bevel  shaft  responding  to  the 
bevel  frequency  is  particularly  convenient  for  determining 
mode  shape,  since  a node  had  been  predicted  between  the  two 
proximity  probe  locations.  This  confirmed  the  presence  of  a 
node  between  these  two  stations.  A photograph  of  the  two 
signals  is  superimposed  on  the  DFR  in  Figure  72. 

Examples  of  correlation  of  the  measured  and  predicted  shaft 
displacements  are  shown  in  Figure  73. 
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Figure  68.  Measured  Noise  Levels  for  CH-47  Forward  Tremsmxssion 
(Baseline)  at  7460  S3fnc  Shaft  RPM  and  80%  Torque. 


LOCATION  = CA17 


CORRELATION  OF  ANALYSIS  WITH  BASELINE  TEST  DATA 


Two  basic  types  of  data,  noise  and  case  acceleration,  were 
obtained  for  both  the  baseline  and  all  design  modification 
runs.  In  an  effort  to  establish  the  validity  of  the  analytical 
approach  early  in  the  program,  the  baseline  configuration  was 
evaluated  using  the  analytical  system  herein  defined.  The 
results  of  this  analysis  were  examined  in  comparison  with  the 
baseline  experimental  data  to  determine  the  amount  of  correla- 
tion which  exists.  Sample  correlations  for  both  noise  and 
case  vibration  data  follow. 

Noise 

Choosing  microphone  MS,  which  is  located  in  the  general 
vicinity  of  the  pilot's  head  (Figure  69),  as  our  sample  corre- 
lation point,  we  find  that  the  following  baseline  noise  level 
data  was  recorded  at  7460  rpm  input  speed  and  80^  torque i 

102  dB  at  1566  Hz  (LPl) 

102  dB  at  3132  Hz  (LP2) 

107  dB  at  3606  Hz  (SB) 

106  dB  at  4698  Hz  (LP3) 

Combining  decibels: 

(dB),^-..  - 10  LOQ.rt  (ANTILOQ  f®l  + ANTILOQ  +....) 

TOTAli  iU 

- 110.8  dB. 

Now  analytically: 

TOTAL  " — EtT  - “ - 20  “Olo'' 

where  P ■ (1.62)  (I0’"^)t0  ‘ A 

r ■ radius  to  point  of  interest,  m 
W ■ exciting  frequency,  Hz 
W ■ housing  displacement,  cn: 

A ■ surface  area,  cro^ 
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Grid  point  293  on  the  finite  element  model  (Figure  74)  of  the 
lower  housing  is  in  the  general  location  of  microphone  M5  and 
will  be  used  as  our  analytical  comparison  point.  Assuming  the 
distanoo  to  the  noise  source  is  r » 0.305  meter  (1  foot) , the 
analytically  predicted  noise  results  are 

110.3  dB  at  1566  Hs  (LPl) 

106.5  dB  at  3132  HZ  (LP2} 

104.9  dB  at  3606  Hz  (SB) 

105  dB  at  4698  Hz  (XiP3} 

So  correlation  of  teat  to  analysis  is  not  unreasonable.  The 
log  sum  of  the  above  is  113.3  dB  compared  to  110.8  dB  from 

test. 

Vibration 

If  the  noise  measured  is  110  dB  for  360Q  Hz  (spiral  bevel) , 
at  r <■  1 ft.  for  some  housing  points  then 


SPL  - 10  LOQj^q  P dB  - 110  dB 


10 


-12 


P - .1  WATTS 
NOW  using 
P 


(1.62  X 10"^)  ^ A. 


(.1)  (10^) 


1 


(3606)*  (3400)  (1.62) 


g's  * (21*  ) ^ w « 61  g's  typically 

386 

(Higher  g's  are  calculated  at  other  points  on  the  case.) 


.000118  cm, 


.000046  in.  and 


Worlcing  bao]cward.  if  the  displacement  at  the  point  is  reduced 
by  a factor  of  10. 


W 

P 


.0000118  cm, 
(1.62  X 10”"^) 


- .001  WATTS, 

- 10  L0G,„  10 


-3 


'10 


10 


(3606)^  (3400)  (.0000118)^ 

" 90  dB  (which  is  20  dB  lower) . 
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SPL 


12 


Bsasley  (R»£eren=a  9)  used  the  tomule 


SPL  “ 20  LOQj^q 

<IC 


ML 


basblimb 

Where  K*  i.  the  beerinS  Uh) . I«  the  ai.pl.e«».nt  M 

ia  reduced  toy  a factor  10 » 

SPl  . 20  »Qio  1°"^  ■ 
pre  viouB  re  eult . 
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Figure  74. 


Finite  Element  Model  of  Lower  Housing  Showing 
Grid  Point  Locations  for  Noise  Prediction. 
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DESIGN  MODIFICATIONS 


Using  the  finite  element  analysis,  the  baseline  transmission 
was  analyzed  to  determine  the  potential  for  vibration/noise 
reduction.  Structural  modifications  for  the  internal  shafting 
and  the  housing  struoture,  Including  the  stationary  ring  gear, 
were  identified,  and  redesigned  components  incorporating  these 
modifications  were  manufactured.  Any  structural  modifications 
for  vibration  reduction  which  are  to  be  applied  to  flight 
hardware  must  consider  weight  penalty,  location,  cost;  ease  of 
fabrication,  and  stress  levels.  For  the  experimental  hardware 
considered  herein,  however,  the  structural  changes  are  baaed 
svibatantlally  on  a consideration  of  the  applicability  to  an 
existing  hardware  Item.  The  design  of  new  hardware  for  future 
applications  must  concentrate  on  optimizing  the  structure  by 
rigorously  applying  the  analytical  predictions. 

The  components  which  were  analyzed  and  redesigned  using  the 
finite  element  methodology  and  manufactured  for  use  in  the 
test  program  are  described  below, 

SHAFTIMG 

The  baseline  bevel  pinion  and  bevel/aun  gear  shafts  are  shown 
in  Figures  75  and  76.  Superimposed  on  these  drawings  are  the 
finite  element  Idealizations  which  were  used  for  the  analysis 
of  these  parts.  No  modification  of  the  pinion  was  indicated 
by  the  analysis.  The  modifications  determined  for  the  model 
of  the  bevel/sun  gear  shaft,  limited  to  changes  in  the  shaft 
ID  for  ease  of  manufacture  and  economy,  are  shown  in  Figure  77. 
Figure  78  is  a cross-sectional  drawing  of  the  actual  shaft 
and  the  sleeve  modifications,  and  Figure  79  is  a photograph 
of  the  modified  bevel/sun  shaft. 

i2EAR 

The  stationary  ring  gear  was  modified  by  applying  a 0.2-in.- 
thick  steel  band  in  the  form  of  a split  ring  around  the  ex- 
terior wall  (Figure  80) . This  band  v/as  clamped  using  integral 
flanges  and  bonded  in  a manner  similar  to  that  described  below 
for  the  case  modifications.  The  modified  ring  gear  is  shown 
in  Figure  81. 

CASE 

Modifications  to  the  case  structure  were  restricted  to 
localized  changes  of  the  exterior  wall,  which  were  accomplished 
by  bonding  preformed  doubler  plates  to  the  regions  of  the 
case  exhibiting  a high  average  strain  density.  The  doubler 
plates  were  0. 300-in. -thick  magnesium  and  were  contoured  to  fit 
the  exterior  surface  of  the  transmission  case.  The  areas  to 
which  the  plates  were  applied  are  identified  in  Figure  49. 

The  manufacture  of  the  doubler  plates  was  a two-step  process. 
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Plgur«  76.  CH-47  Forward  Tranamittion  Bovel/Sun  Gear  (Baaeline) 

With  Finlta  Elamant  Idaallzation  Super Impoaad. 
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Figure  77.  CH-47  Forward  Transmiaalon  Baval/Sun  Gear  (Modified) 

With  Finite  Element  Idealiaation  Super impoaad. 


Figure  80.  CH-47  Forward  Transmission  Ring  Qearr  Modified 

Version  Manufactured  for  Testing. 
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SECTION  B-9 


Figure  80,  Continued. 
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Figure  61.  Modified  Ring  Gear  With  Split  Ring  Installed. 

First,  matching  sets  of  plaster  casts  were  made  from  the 
exterior  surface  of  the  housing  in  the  specified  areas. 
Second,  these  casts  were  used  as  holding  and  tracing  patterns 
for  the  machining  of  the  doubler  plates  from  magnesium  stock. 
The  finished  magnesium  doubler  plates  are  shown  in  Figure  82. 
Figure  83  shows  the  doubler  plates  installed  on  the  trans- 
mission housing. 


A considerable  amount  of  attention  has  been  devoted  to  the 
potential  improvements  which  accrue  through  the  use  of  compos- 
ite materials  with  increased  strength-to-weight  properties. 

A preliminary  effort  directed  toward  defining  these  potential 
benefits  as  applicable  to  transmission  housings  was  included 
in  this  program.  Graphite  aluminum  composite  plates,  essen- 
tially identical  in  geometry  to  the  magnesium  plates  defined 
above,  were  also  installed  on  the  housing  (as  shown  in 
Figure  83)  and  tested.  The  details  of  this  effort  are  re- 
ported in  Appendix  B. 


Vibration  isolators  were  fabricated  from  0 . 125-in. -thick  MIL-R- 
6855  CL4-40  (40  Durometer  Neoprene)  and  installed  between  the 
transmission  upper  cover  mounting  points  and  the  teat  stand. 
The  retaining  bolts  were  isolated  at  the  top  and  bottom  as 
shown  in  Figure  84. 
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SECTION  D-D 


Figure  84.  TranaunlBslon  Cover  Leg  Attaohment 
to  Main  Frame. 


VERIFXCATIOtl  TESTING 


OBJECTIVE 

The  objective  of  this  test  was  to  obtain  experimental  vibration 
and  noise  data  for  the  CH-47  forward  transmission  with  the 
modified  components  installed  for  comparison  with  baseline 
test  data  to  determine  the  effectiveness  of  the  analytically 
predicted  structural  changes  for  reducing  vibration  and  noise 
levels.  The  degree  of  correlation  obtained,  both  relatively 
and  absolutely,  will  also  provide  an  Indication  of  the  accuracy 
of  the  basic  analytical  method. 

TEST  STAND 

The  dynamic  testing  was  conducted  using  the  Boeing  Vertol  full- 
scale,  closed- loop  CH-47  forward  transmission  teat  facility, 
shown  schematically  In  Figure  65.  This  rig  Is  of  the  four- 
square, locked-ln-torque  type  with  variable  speed  and  torque 
capabilities.  Control  over  temperature  Is  maintained  by  use 
of  special  oil-water  heat  exchangers  with  condition  monitoring 
provided  by  the  standard  aircraft  Instrumentation.  All 
operations  are  controlled  from  a remote  panel  (Figure  86) 
setup  outside  the  cell.  The  standard  aircraft  oil  system  (oil, 
filter,  pun\pa,  etc.)  Is  used  on  the  test  boxes > however,  the 
aircraft  cooler  is  not  used,  oil-water  heat  exchangers  are 
substituted  for  the  aircraft  cooler  to  simplify  the  test  system. 
This  test  stand  provides  the  capabilities  of  running  a trans- 
mission over  its  full  design  torque  and  speed  range  uhder 
controlled  conditions,  including  rotor  lift,  drag,  and  pitching 
moments. 

To  provide  for  the  acquisition  of  noise  data  which  was  as 
free  as  practical  from  extraneous  signals,  the  test  trans- 
mission was  equipped  with  an  acoustic  enclosure,  made  of  3/4- 
inoh  plywood  lined  with  a 3/4-inoh-thio]<  acoustic  blanket, 
which  mlnl'uized  noise  reflected  from  the  test  cell  walls. 

The  enclosure  is  shown  schematically  In  Figure  87,  and  a 
photograph  of  the  enclosure  Installed  in  the  test  stand  is 
shown  In  Figure  88. 

DATA  ACQUISITION 

Six  accelerometers  were  mounted  on  the  transmission  case  in 
the  locations  shown  In  Figure  89.  A block  of  aluminum  was 
epoxied  to  the  transmiseion  at  each  of  the  desired  locations, 
and  the  accelerometers  were  attached  to  these  blocks  using 
Endevco  studs  as  shown  In  Figure  90. 
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ACOUSTIC  EHCLOSDRE 


Figtire  87.  Schematic  of  Transmission  in  Acoustic  Enclosure 
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The  following  locations  were  selected  from  a previous  test 
program  (Reference  4 ) to  provide  an  overall  representation 
of  the  case  vibrations  with  each  test  configuration: 


Location  No.  1 

Location  Mo.  2 
Location  Mo.  3 
Location  Mo.  4 

Location  Mo.  5 
Location  Mo.  6 


Vicinity  of  forward  lube  jet  (radial 
direction) . 

Beside  spiral  bevel  pinion  (radial  direction) 

Center  of  oil  sump  (vertical  direction) . 

Center  of  stationary  ring  gear  (vertical 
direction,  tests  1-A  and  2-A) , (radial 
direction,  remaining  tests) . 

Forward  mounting  arm  (vertical  direction) . 

Webbing  (radial  direction) . 


The  accelerometers  used  were  Bndevoo  Model  2213  combined  with 
accelerometer  arAplifiers  for  signal  conditioning. 

Six  microphones  were  placed  around  the  transmission  as  shown 
in  Figure  91,  These  were  Bruel  and  Kjaar  (B&K)  4145  1-inoh 
microphone  cartridges  with  B&K  2613  cathode  followers,  and 
B&K  2807  power  supplies.  All  microphones  were  contained  in 
an  enclosure  approximately  41  inches  square  and  45  inches  deep 
constructed  of  3/4-inah  plywood  and  lined  with  a soundmat  LF 
3/4»inoh  lead-foam  sound  barrier  (Figure  88)  to  provide  both 
sound  attenuation  of  external  test  stand  noise,  and  sound 
absorption  on  the  interior  side  to  minimize  the  reverberations 
of  transmission  noise  within  the  enclosure,  Figure  92  shows 
a typical  microphone  installation  mounted  on  the  transmission. 

Because  of  space  limitations  within  the  test  stand  the 
enclosure  had  to  be  limited  to  a total  depth  of  45  inches. 

All  microphones  were  approximately  6-9  inches  from  the  nearest 
surface  of  the  transmission  case.  Their  locations  were 
selected  from  prior  test  programs  (References  2 and  4)  as 
suitable  for  transmission  noise  measurement  in  the  test  cell, 
test  cell. 

The  accelerometer  and  microphone  data  were  recorded  on  an 
Ampex  AR-200  l-inch,  14-ohannel,  wide-band  FM  magnetic  tape 
recorder  at  >30  ips.  Figure  93  shows  a schematic  of  the  data 
acquisition  system,  in  addition  to  the  6 microphone  and  6 
accelerometer  recording  tracks,  a 60/rev  signal  from  the  input 
shaft,  used  for  speed  indication,  and  a voice  identification 
track  were  used  also. 
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igure  92.  Typical  Microphone  Installation. 


Figure  93.  Data  Acquisition  Systea 


The  frecjuency  roaponaoa  of  both  the  microphonu  and  acceler- 
omot«r  systoms  aro  eBaentially  flat  over  the  frequency  ranqe 
of  50-15000  Hz,  wgII.  within  the  range  of  interest  of  the  pro- 
gram. Aa  shown  ii\  Figuros  94  and  95,  syatom  aonaitivity 
calibrations  were  recorded  prior  to  each  test  and  at  the  be- 
ginning of  each  now  tape  reel. 

TEST  CONFIGURATION 

The  bransmisBion  used  In  this  program  was  a standard  CII-47C 
forward  rotor  transmission,  except  as  modified  per  the  vibra>- 
tion/nolse  reduction  analyses.  Tost  data  was  obtained  for 
each  of  the  eleven  configurations  listed  in  Table  7 in  order 
to  assess  the  ef foctivoneas  for  vibration/noiso  reduction  of 
the  following  analytically  determined  structural  changes, 
both  separately  and  in  combinationt 

1.  Sun/bevol  gear  detuned  by  addition  of  two  sluovos. 

2,  Ring  gear  detuned  by  addition  of  band. 

3.  Case  detuned  by  addition  of  two  contoured  doubler  plates. 

4,  Isolators  added. 

As  noted  on  Table  7,  a roforenco  code  has  boon  assigned  to 
each  configuration.  This  code  will  bo  used  as  a shorthand 
designation  in  many  of  the  ensuing  figures  and  diBcussions, 

All  tests  were  made  directly  comparablo  by  maintaining  a 
consistent  acoustic  enclosure  configuration  and  by  using 
identical  microphone  and  accelerometer  locations.  The  instal- 
lation of  the  variou.s  items  of  modified  hardware  is  shown 
schematically  in  Figure  96.  Figures  97  and  98  show  photo- 
graphs of  the  actual  hardware. 

For  each  of  the  conCiguratiotva  in  Table  7,  1 minute  of  data 
was  recorded  for  Lwo  input  shaft  speeds,  7460  rpm  (operating 
baseline  - 243  rotor  rpm)  and  (5600  rpm  (off-design)  , etnd  for 
two  torque  levels,  ROX-  (design,  .844  x 10  inch-lbs  output 
shaft)  and  GOVi  (off-design,  .64  x 10  inch-lbs).  The  data  from 
each  of  the  above  variations  was  frequency  analyzed  as  to  meah 
content,  resulting  in  264  items  of  noise  information  and  264 
items  of  aoceluromotor  information. 

No  data  was  obtained  until  the  transmission  had  completed  its 
warm-up  operating  period  and  was  atabiliaed  at  the  scheduled 
torque  and  operating  speed  condition. 
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Figvire  94 


Figure  96.  CH-47C  Forward  Tranunlaalon  - Teat 
Configuration  for  Vlbratlon/Nolae 
Reduction  Testing. 


1S5 


"1 


DATA  ANALYSIS 


All  recorded  data  were  analysed  using  a Nlcolet  UA-SOO.  real 
time  iTbiquitoua  Spectrum  Analyzer  in  a mode  which  gives  a 
constant  bandwidth  of  10  Hz  over  the  range  of  0 to  5000  Hz  and 
allows  for  the  identification  of  the  predominant  gear  mesh 
frequencies.  The  data  were  averaged  128  times  to  enhance  the 
effective  signal-to-noise  ratio  and  help  emphasize  those 
frequencies  which  contain  the  higher  acouatical/vibration 
energy.  Graphic  outputs  (sound  and  acceleration  amplitudes 
by  frequency)  were  then  recorded  with  an  oscilloscope  and 
Polaroid  scope  camera. 

Typical  spectra  of  the  transmission  vibration  are  shown  in 
Figures  99  and  100.  This  data  is  dominated  by  pure  tones  at 
the  tooth  mesh  frequencies  of  the  lower  planetary  (Ist  stage) 
gear  systemt  (LPl)  1566  Hz  and  its  multiples,  (LP2)  3132  Hz, 
(LP3)  4698  Hz,  and  the  spiral  bevel  input  gear  set  (spiral/ 
bevel)  3606  Hz. 

Mesh  frequencies  of  the  CH-47C  forward  rotor  transmission  are 
listed  in  Tables  8 and  9 for  input  shaft  speeds  of  7460  and 
6600  rpm,  respectively. 

In  many  oases  not  just  one  frequency  is  present  for  each  tooth 
mesh,  but  many  sidebands  appear.  For  Instance,  the  sidebands 
in  Figure  100  around  and  in  place  of  the  sun  gear  fundamental 
and  the  third  harmonic  are  all  separated  from  their  center 
frequencies  by  fn  ■■  59  Hz,  which  is  the  planet  passage  fre- 
quency Upned  of  planet  carrier  in  Hz  times  number  of  planets). 
Thus, 


. (886/60)  4 - 59  HZ 

From  this  result  we  can  find  for  the  1st  harmonic  (LPl) 

Fj^^  (lower  sideband)  ••  fj^j^  “ *n  " - 59  “ 1507  Hz 

Fy  (upper  sideband)  ■ f^^j^  ^n  " + 59  - 1625  Hz 

Similarly,  for  the  third  harmonic  (LP3) 

f.  - 4698  - 59  - 4639  Hz,  and  f , - 4698  + 59  - 4757  Hz 
L3  3 

In  the  same  manner,  the  sidebands  of  the  spiral  bevel  mesh 
frequency  at  some  accelerometer  and  microphone  locations 
are  separated  by  124  Hz  or  the  rotational  frequency  of  the 
input  shaft  (7460/60  - 124  Hz). 
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TABLE  8.  CH-47C  FORWARD  TRANSMISSION  OEAR  SPEEDS 
AND  MESH  FREQUENCIES  AT  NORMAL  FLIGHT 
OPERATION  SPEED 


GEAR  

NUMBER 

TEETH 

SPEED 

RPM 

MESH 

FREQUENCY 

HZ 

Spiral  Bevel  Input  Pinion 

29 

7460 

3606 

Spiral  Bevel  Gear 

51 

4242 

3606 

Lower  Stage  Sun  Gear 

28 

4242 

- 

Lower  Stage  Fixed  Ring 

106 

- 

- 

Lower  Stage  Planets  (4) 

39 

- 

1566 

Lower  stage  Planet  Carrier 

m 

886 

- 

Upper  stage  Sun  Gear 

40 

886 

- 

Upper  stage  Fixed  Ring 

106 

- 

- 

Upper  stage  Planets  (6) 

33 

- 

429 

Upper  Stage  Planet  carrier 

- 

243 

m 

Output  - Rotor  Shaft 

- 

243 

m 

TABLE  9.  CH-47C  FORWARD  TRANSMISSION  GEAR  SPEEDS 
AND  MESH  FREQUENCIES  AT  NORMAL  GROUND 
OPERATION  SPEED 


GEAR 

NUMBER 

TEETH 

SPEED 
RPM.  .. 

MESH 

FREQUENCY 
. HZ 

Spiral  Bevel  input  Pinion 

29 

6600 

3190 

Spiral  Bevel  Gear 

51 

3753 

3190 

Lower  Stage  Sun  Gear 

28 

3753 

- 

Lower  Stage  Fixed  Ring 

106 

- 

- 

Lower  stage  Planets  (4) 

39 

•• 

1386 

Lower  Stage  Planet  Carrier 

- 

784 

- 

Upper  Stage  Sun  Gear 

40 

784 

AM 

Upper  Stage  Fixed  Ring 

106 

- 

- 

Upper  Stage  Planets  (6) 

33 

- 

379 

Upper  Stage  Planet  Carrier 

215 

- 

Output  - Rotor  Shaft 

mt 

215 

- 

A typical  spectrum  of  the  transmission  noise/  as  shown  in 
Figure  101/  displays  the  fundamental  gear  mesh  frequencies  and 
their  harmonics  of  the  upper  (UPl) / UP2/  UP3)  and  lower  (LPl, 
LP2/  LP3)  planetary  systems/  the  spiral  bevel  input  pinion/ 
gear  ( spiral/bevel} , and  in  many  cases  the  sidebands  of  the 
latter  two.  In  addition/  a spike  representing  the  input 
shaft (s)  frequenoy  can  be  seen  at  124  Hz. 

The  raw  data  obtained  from  all  test  runs  were  reduced  into 
digital  narrow-band  frequency  domain  formats  which  are  included 
as  Figures  A1  through  A88  In  Appendix  A.  The  information  con- 
tained in  these  figures  was  then  further  reduced  to  provide  the 
summary  data  shown  in  the  following  sections. 

TEST  DATA 

Case  acceleration  and  acoustical  data  wore  recorded  during  all 
test  runs  of  the  CH-47C  transmission  to  measure  the  effect  on 
housing  vibration  and  noise  radiation  reduction  for  several 
(see  Table  7)  combinations  of  the  following  structural  changes i 

1.  Sun/bevel  gear  detuned. 

2.  Ring  gear  detuned. 

3.  Case  detuned  separately  with  bonded  contoured  magnesium 
plates  / and  graphite  fiber  reinl(oroed  aluminum  composite 
plates. 

4.  Isolator^j  added  at  the  mounting  arms. 

Vibration 

The  acceleration  data  for  the  predominant  lower  planetary  mesh 
frequenoy  (1566  Hz)  is  shown  in  Figures  102  through  105  for 
each  accelerometer  location/  transmission  configuration/  and 
teat  condition.  Figures  106  and  107  show  the  changes  in 
acceleration  for  the  configurations  tested  at  the  design 
condition  of  7460  rpm  and  80%  torque.  As  indicated  in  the 
figures/  most  of  the  configurations  resulted  in  a reduction  in 
vibration  level.  It  la  particularly  significant  that  the  com- 
bination of  detuned  sun  gear  and  magnesium  plates  (detuned 
case)  which  was  the  configuration  analytically  optimized  for 
this  condition  demonstrated  vibration  reductions  which  supported 
the  analytical  predictions. 
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Figura  102.  Vibration  Data  at  Lowar  Planatary  Maah  Praquancy 
(Baaallna<  iBOlatora,  and  Datunad  Sun  Qear) . 
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Vibration  Date  at  Lower  Planetary  Meih  Frequency 
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Figure  104.  Vibration  Data  at  Lower  Planetary  Meeh  Frequency 
(Magnaaium  Platea  and  Detuned  Ring  Gear,  Detuned 
Sun  Gear  and  Detuned  Ring  Gear,  and  Magnesium 
Plates) . 
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Figure  105. 


Vibration  Data  at  Lower  Planetary  Meah  Fre 
(Detuned  Sun  Gear  and  Compoeite  Platea,  an 
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Figure  107.  Change  In  Vibration  Level  at  Lower  Planetary 
Frequency  (LPl  ■ 1566  Ha,  Accelerometers  4, 
5,  and  6) . 
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Radiated  Noise 


The  sound  pressure  level  peaks  were  measured  from  the  oscillo- 
scope pictures  at  the  lower  planetary  mesh  frequency  (].566  Hz)  . 
These  levels  are  shown  in  Figures  108  through  111  for  each 
microphone,  transmission  configuration,  and  teat  condition. 
Figures  112  and  113  indicate  the  change  in  level  from  the 
unmodified  transmission  for  each  of  the  configurations  tested. 
The  condition  shown  is  the  normal  operating  design  condition 
(7460  rpm,  80%  torque) . 

To  provide  a more  comprehensive  comparison  between  con- 
figurations tested,  a logarithmically  averaged  sound 
pressure  level  was  calculated  using  the  data  from  all  six 
microphones,  thus  providing  a single  level  representing  each 
configuration.  These  results  are  shown  in  Figure  114  for  both 
rpm's  (7460  and  6600)  and  torques  (80%  and  60%).  These  are 
further  summarised  in  Figure  115  which  shows  the  change  in 
noise  level  for  each  configuration  as  compared  with  the  unmod- 
ified transmission. 

A significant  result  of  this  program  xs  that  the  combination 
of  the  detuned  sun  gear  and  case  (by  the  use  of  magnesium 
plates) , which  is  the  configuration  that  was  analytically 
optimized  by  use  of  the  computer  program,  provided  the  largest 
noise  reduction  (7  dB) . 

An  equally  important  result  is  that  this  combination  caused  no 
increase  in  the  spiral  bevel  mesh  frequency  noise,  and  in  fact 
provided  a slight  decrease  when  compared  to  the  baseline 
configuration  as  shown  in  Figure  116. 

DISCUSSION  OF  EXPERIMENTAL  RESULTS 

Simply  put,  the  combined  effects  of  modifying  the  lower  case 
(adding  the  magnesium  doubler  plates)  and  the  sun  gear  shaft 
(adding  sleeves)  resulted  in  the  largest  overall  net  improve- 
ment in  the  basic  noise/vibration  characteristics  of  the  test 
transmission  when  compared  to  a standard,  unmodified  trans- 
mission. This  configuration  was  defined  by  analysis,  during 
the  early  stages  of  this  program,  as  that  which  would  yield 
optimum  results  within  the  practical  restrictions  imposed  by 
existing  hardware.  The  other  modification  suggested  by  the 
analysis  was  that  of  the  ring  gear.  Baaed  on  the  results  of 
the  testing,  some  coupling  apparently  exists  between  these 
changes  which  produced  less  favorable  results  than  the  former 
modifications  acting  alone,  unfortunately,  these  sets  of 
modifications  were  considered  separately  in  the  analysis;  thus, 
this  effect  was  not  identified  at  that  time. 
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Figure  111.  Radiated  Noise  Data  at  Lower  Planetary 
Mesh  Frequency. 
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Figure  112.  Change  In  Sound  Preasure  Level  at  Lower 
Planetary  Meah  Frequency  (Miorophonea  1 
2,  and  3)  Compared  to  Baaellne. 


Figure  113.  Change  In  Sound  Preaaure  Level  at  Lower 
Planetary  Meeh  Prequenoy  (Mlorophonea  4 
5,  and  6)  Compared  to  Baseline. 
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Flgur*  114.  Comparinon  of  Av«r«9«d  Sound  Proaaura  Lttv«l« 
at  Lowar  Planatary  Maah  Praquancy. 
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Figure  IIS.  Change  in  Averaged  Sound  Presaure  Level 
Compared  to  Baaeline  at  Lower  Planetary 
Meah  Frequency. 


The  full  significance  of  this  improvement  in  noise/vibration 
characteristics  may  most  easily  be  defined  by  considering  the 
effect  of  the  7 dB  reduction  in  source  noise  in  terms  of  the 
weight  and  complexity  of  acoustical  treatments  (enclosures, 
etc.)  required  to  achieve  similar  results. 


Acoustical  material  weight  required  to  reduce  transmission 
noise  by  enclosures  is  directly  related  to  the  particular 
frequency  being  treated.  The  so-called  "normal-incidence, 
limp-wall  mass  law"  for  sound  transmission  loss  (TL)  is  widely 
used  in  noise  control  work  (Reference  12)  to  determine 
approximate  material  surface  weights. 

TL  is  defined  as  the  ratio  (expressed  in  decibels)  of 
the  acoustic  energy  transmitted  through  the  enclosure 
or  wall  to  the  acoustic  energy  incident  upon  it. 
Mathematically, 


TL 


10  log 


dB 


* sound  transmission  coefficient 


If  the  incident  sound  wave  impinges  on  the  wall  at  normal 
incidence  (that  is,  perpendicular  to  the  wall  surface) , the 
mass  law  for  TL  ist 


*^^(0®  INCIDENCE) 


10  logj^Q 


or  if  t).a  sound  waves  impinge  on  the  wall  surface  at  random 
angleo  of  incidence t 


(RANDOM)  " 

®^(0®  INCIDENCE) 

where 


10  logj^Q 


INCIDENCE) 


0 


dB 


VjJ  m Zir  t 


f ■ frequency,  He 

pc  characteristic  resistance  of  air 

^ “ density,  slugs/ft^ 

C ■ velocity  of  propagation,  ft/sec 

2 

" surface  density,  slugs/ft 
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As  the  product  (o^Mg)  in  the  equation  implies,  higher  fre- 
quencies require  lighter  surface  densities  than  do  lower  fre- 
quencies in  providing  for  a constant  TL. 

In  addition,  certain  materials  such  as  acoustical  glass  fiber 
display  properties  which  give  attenuation  in  excess  of  that 
expected  due  to  mass  alone.  Figure  117  shows  test  results 
obtained  by  Boeing  Vertol  and  reported  in  Reference  13  to 
determine  the  attenuation,  as  a product  of  surface  weight  and 
frequency,  of  various  treatments  suoh  as  might  be  used  in 
actual  helicopters.  Note  that  the  more  durable  troatn\ent8 
impose  some  weight  penalty. 

Figures  118  and  119  indicate  the  average  sound  pressure  levels 
of  the  CH-47C  gear  meshes  recorded  during  the  transmission 
baseline  configuration  test,  as  compared  with  acoustical  noise 
limits  of  MIL-A-80O6A  (Military  Specification  for  Acoustical 
Noise  Level  in  Aircraft) . 

Talting  into  consideration  the  noise  reduction  required  to 
comply  with  uhe  specification,  and  the  associated  material 
weights  required  to  achieve  this  redrction  (Figure  117), 
relative  treatment  weights  for  each  mesh  frequency  and  harmonics 
were  computed  and  are  shown  in  Figure  120.  Weights  :!!or  both 
materials  of  maximum  durability  (with  maximum  weight)  and 
minimum  weight  (with  minimum  durability)  are  shown. 
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Reviewing  these  figures  indicates  that  at  7460  rpm  (flight 
operation)  the  lower  planetary  fundamental  (LPl)  mesh  fre- 
quency (1566  Hz)  dictates  the  acoustical  treatment,  while  at 
6600  rpm  (ground  operation) , both  the  lower  planetary  (LPl  - 
1386  Hz)  and  spiral  bevel  input  (spiral/bevel  - 3190  Hz)  are 
equally  important.  Subsequently,  the  effectiveness  of  the 
structural  changes  tested  in  the  program  for  reducing  trans- 
mission case  vibrations  and  generated  noise  was  concentrated 
on  the  lower  planetary  fundamental  mesh  frequency  at  the  design 
operating  condition  (7460  rpm,  80  percent  torque) . 

The  helicopter  design  implication  of  a 7 dD  reduction  in 
radiated  rotor  transmission  noise  through  source  noise  reduc- 
tion is  a substantial  weight  savings  in  the  acoustical  treatment 
required  to  comply  with  Table  IV  of  M1L-A-8806A  (normal  cruise 
power  condition) . In  the  case  of  tho  CH-47  helicopter,  this 
amounts  to  a savings  of  at  least  20  percent  of  the  total 
material  weight  required,  or  about  100  lbs.  The  CH-47  heli- 
copter has  two  main  rotors  which  are  driven  by  very  similar 
transmissions  (major  differences  are  rotor  shaft  length  and  the 
input  shaft  angle);  thus,  the  total  aircraft  weight  savings 
will  ba  based  on  similar  modifications  of  both  transmissions 
and  acoustical  treatment  of  the  entire  cabin  area.  Data 
similar  to  that  shown  in  Figure  117  has  been  developed  for 
both  forward  and  aft  transmissions  and  is  shown  in  Figures  121 
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and  122.  Utilizing  this  data  and  that  shown  in  Figure  118, 
the  comparison  shown  in  Table  10  was  developed.  Based  on 
the  total  weight  of  acoustical  treatment  for  the  entire  air- 
craft, a 20%  weight  savings  is  realized;  however,  over  35%  of 
the  acoustical  treatment  weight  for  the  immediate  transmission 
enclosure  areas  is  saved. 
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Figure  117.  Typical  Effect  of  Sound  Transmission 
Enclosures  on  source  Attenuation. 
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Flgur«  118.  Relationship  of  CH-47C  Forward  Transmission 
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Flgur*  120.  R«latlv«  Walght  of  Aooustioal  Treatment  Required 
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Levels  to  MIL-A~8806  Requirements . 
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Figure  121.  Effect  of  Sound  Tranemieeion  Encloeuree  on 
Source  Attenuation  of  CH-*47C  Forward 
Tranemieeion  Noiee. 
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Figure  122.  Effect  of  Sound  Tranemlesion  Encloauree  on 

Source  Attenuation  of  CH->47C  Aft  Tranemiaaion 
Noiae. 
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TABLE  10. 


ACOUSTICAL  TREATMENT  WEIGHT  COMPARISON  FOR 

BASELINE  AND  MODIFIED  TRANSMISSIONS 


FORHARD  TRAMBHISSXOH 

AF*F  TRAM8NX8SXOH 

BASBLIMB 

NODXFXID 

BASBLXMH 

NODXPIRD 

Xi  Avatag*  Moiaa  LavtaXi.  M ; 

(Flguta  1X8,  LPl.  » 15><)  (III 

120 

> 

1X3 

120 

113 

'a.  'iioXaa;;ilalt..',6e  itXL>A-e8pM,.. 
Tibia  XV.  dB  (FXgura  118 , 
a,^o,o^,/itt;'Oataya) 

BG 

66 

86 

3,  Tripknliiion  .Snaloiuva 
' ' Atta'nuitlOh  Raguleadr  4i 

34 

27 

34 

27 

4.  Product  of  Sutfioa  Haight  . , 
and  fraquanoy./'w  . H8  x LB/FT^ 
(.Flgurad  121  and  122) 

1000 

960 

1900 

770 

S.  Surface  Haight  of, RaquiMd 
Bnoloaura.  LB.  /FT*  (ftel  /f  <0 
^ ••  XSBft  Ha) 

0.64 

0.36 

0.86 

0.49 

8.  Aral  of.KnoloAura  (Approx). 

. .IT.*-. 

110 

110 

155 

ISB 

7.  Baquirad  Tcaatment  Haight,  LB> 

70 

40 

149 

76 

tt.  flnoleaura  Haight  Raduotion 
. (Baaalina  HT  « Modi f lad  WT  •• 
Raduction) 

30 

aa 

73 

g.  Total  Haight  of  TrAnamiaaion 
Modifioationa  (Oaar  shaft  and 
Nagnaaium, Plataa).  XA 

“ 

3.3 

3.3 

10.  Mat  Haight  Raduckion  par 
Tranamiaalon,  LB 

aa 

' 26.7 

" 

69.7 

TOTAL  NBiaHT  8AVIMM  Or 
96,4  LBB  PBR  AIRCMrT 


NOTES! 


1. 


Total  acouatloal  .Insulation  weight  of  CH-47C  to  comply 
with  M1L-A-8806A,  Table  IV  is  approximately  500  lb. 


2.  Figurea  ahown.  represent  immediate  transmission  enclosure 
areas  and  do  not  reflect  probable  additional  savings  in 
main  cabin  area. 
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CONCLUSIONS 


The  basio  analytical  approach  as  a design  tool  for  transmission 
vibration/noise  reduction  has  been  validated.  This  method 
unites  the  internal  componenta  and  the  housing,  hence  will,  aid 
in  optimising  the  transmission  as  a complete  operating  sub- 
system, Since  the  housing  provides  structural  support  to  the 
internal  components,  its  physical  characteristics  grossly 
affect  the  performance,  wear  and  fatigue  lives  of  the  bearings, 
gears,  splines  and  shafts  due  to  misalignments  and  load 
concentrations.  Therefore,  houOiiig  optimisation  is  essential 
if  the  full  benefits  of  advancements  in  gear  and  bearing 
technology  are  to  be  realised. 

The  methods  described  herein  have  proved  to  be  valuable 
analytical  and  design  tools.  The  contractor  has  applied 
portions  of  the  analysis  to  drive  system  projects  such  as  the 
Boeing/Seattle  Hydrofoil  Boat,  the  modern.i  ?ad  CH-47  (0)  heli- 
copter, and  the  Boeing  Vertol  advanced  concept  transmission 
program.  Using  the  existing  finite  element  housing  model, 
further  investigations  utilising  HASTRhN  to  evaluate  static 
and  dynamic  stresses,  thermal  distortions,  deflections  and 
load  paths  duo  to  any  type  loading,  fail-safety,  vulnerability, 
and  composite  materials  (Figures  123  and  124)  nave  been 
efficiently  conducted  (Reference  14). 

The  fabrication  technology  for  complex  structures  such  as  the 
subject  doubler  plates  has  been  demonstrated  successfully  in 
this  program,  and  this  progress  offers  considerable  encourage- 
ment for  additional  fabrication  development  and  evaluation  of 
complex  composite  structural  compononts. 

Specifically,  the  following  conclusions  have  been  reached  as 
a direct  result  of  this  program. 

e An  analytical  approach  to  the  source  reduction  of  the  noise 
and  vibration  associated  with  high  power,  high  speed, 
lightweight  aircraft  transmissions  has  been  developed 
and  applied.  This  effort  included  the  following  major 
areas  of  investigation! 

1.  The  dynamic  response  of  a CH-47C  forward  transmission 
shaft/case  system  was  defined  by  finite  element  tech- 
niques. This  analysis,  which  included  the  damped  forced 
response  of  the  case  and  determination  of  those  areas  of 
the  case  with  the  highest  strain  energy  density,  correlated 
well  with  existing  baseline  data. 

2.  The  utility  of  the  basic  computer  analysis  system,  by 
which  the  dynamic  response  was  calculated,  was  improved 
by  providing  a graphical  representation  of  the  damped 
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Figure  124.  Plow  Diagram  of  NASTRAN  Tharmal  Analysia. 
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forced  response  and  by  expanding  the  computer  pro- 
gram GGEAR  to  incorporate  high  contact  ratio  (HCR) 
gearing. 

• The  teat  data  available  from  a previously  conducted  HbH/ATC 
noise  reduction  program,  which  also' utilised  the  CH~47C 
forward  . transmission,  was  further  reduced  and  analyzed  in 
order  tO  provide  an  extensive  file  of  bateline  data.  This 
data  was  then  used  to  validate  and  improve  the  baseline 
computer  model.  The  correlation  obtained  with  the  initial 
model  indicated  a need  for  revision  to  include  thp  coupling 
effect  observed  between  the  shafts,  and  thb  spring  effect 
of  the  planets  in  holding  the  sun  gear  in  position.  After 
these  improvements  were  made,  agreement  between  experiment 
and  analysis  was  excellent.  ^ 

e Using  the  improved  model,  the  standard  production  compo- 
nents ware  analyzed  to  define  the  design  modifications  which 
would  be  required  to  provide  a significant  reduction  in 
source  noise  and  vibration  levels. 


e A teat  program,  conducted  to  verify  the  noise/vibration 
reductions  predicted  by  the  Improved  analysis  through  the 
use  of  the  modified  components,  clearly  demonstrated  the 
utility  of  this  method  in  minimizing  source  noise/vibration 
at  the  design  stage. 


The  most  general,  overall  conclusion  which  may  be  reached  as  a 
result  of  this  program  is  that  the  analysis  and  modification  of 
a helicopter  gearbox  system  in  the  design  phase,  prior  to  the 
manufacture  of  any  hardware,  is  not  only  possible  but,  through 
the  use  of  the  computer-aided  system  herein  defined,  will  result 
in  a final  gearbox  configuration  with  a lower  source  noise  and 
vibration  level  than  would  otherwise  be  attainable.  Moreover, 
this  minimum  noise  and  vibration  configuration,  while  slightly 
increasing  the  weight  of  the  transmission  subsystem,  yields  a 
substantial  savings  in  the  overall  aircraft  system  weight  by 
reducing  the  amount  (weight)  of  add-on  materials  required  to 
provide  the  desired  cabin  noise  and  vibration  levels. 

Although  the  overall  results  of  this  program  were  favorable  and 
quite  encouraging,  the  need  for  further  effort  is  quite  clear. 

The  basic  analytical  method  has  demonstrated  reasonable  accuracy; 
however,  several  areas  ware  determined  to  be  deficient  for 
universal  application.  Aviditionally,  the  system  as  currently 
presented,  while  sufficient  for  the  needs  of  this  endeavor,  is 
somewhat  cumbersome  and  difficult  to  apply,  particularly  for 
the  uninitiated. 
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RECOMMENDATIONS 


In  ordar  to  increase  the  accuracy  and  utility  of  the  analysis 
described  in  this  report  and  bring  it  from  the  status  of  a 
research  tool  to  that  of  a praotioal  design  and  analysis  system/ 
it  is  recommetided  that  the  following  specific  items  be  con- 
sidered to  further  advance  the  state  of  the  artt 

e The  gear  tooth  mesh  compliance  analysis  (GGEAR/HCR)  should 
be/ expended  to  include  rigorous  calculations  for  helical 
gears  and  an  improved  method  for  spiral  bevel  gears.  The 
resultai  of  this : analysis  would  include  a foundation  for  the 
eventual  incorporation  of  a rigorous  treatment  of  spiral 
bevel  gears  and  a much-improved  helical  gear  load  sharing 
calculation. 

a . Present  methods  of  transmission  noise  prediction  are  based 
upon  the  cycled  energy  at  the  gear  meshes » while  methods 
of  noise  reduction  are  based  upon  reducing  displacements 
at  the  shaft  support  bearings.  This  inconsistency  of 
approach  has  presented  oonsiderable  difficulty  in  perform- 
ing comparative  studies;  thus/  an  analytical  technique  for 
calculating  the  overall  sound  spectrum  directly  from  the 
dynamic  shaft  displacements  must  be  developed. 

e The  computer-aided  transmission  design  techniques/  as  well 
as  the  already  established  computer  programs/  although 
complete  in  themselves/  are  in  a "hits  and  pieces"  state. 
Considerable  manual  manipulation  of  data  and  various  input/ 
output  sequences  with  these  numerous  independent  programs 
are  required.  This  introduces  potential  inaccuracies  and 
is  quite  time  consuming.  A way  to  circumvent  this  problem 
is  to  develop  an  efficient  closed-loop  total  system  optimi- 
sation master  computer-aided  design  program  incorporating 
the  many  individual  analyses  now  existing.  Interactive 
computer  graphics  and  automatic  plotting  interwoven  through- 
out the  design  cycle  would  be  key  features  contributing  to 
efficiency  and  versatility.  Such  a system  is  now  achievable 
for  the  future  design  of  new  transmissions.  It  is  recom- 
mended that  a program  be  undertaken  to  develop  a total, 
efficient  design  tool  as  stated  above. 

e An  experimental  program  should  be  conducted  using  small 
mechanical  shakers  to  excite  a transmission  case  in  an 
anechoie  room  to  determine  its  response  to  various  stimuli. 

In  this  way,  it  will  be  possible  to  accurately  record  the 
case  response  on  an  acoustic  sphere  so  that  a determination 
may  be  made  of  those  modes,  or  general  classes  of  modes, 
which  are  of  greatest  significance  to  the  noise  and  vibration 
problem. 
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Fioure  All.  Acceleronseter  Data  From  Tape  6L3  With  Detuned  Sun  Gear  and  No  Isolators 
3t  6,600  RPIJI  and  SO-Pwcent  Torque. 
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Figure  A22.  Accelerometer  Data  From  Tape  6L6  With  Detuning  Magnesium  Contour  Plates, 
Original  Sun  Gear,  and  No  Isolators  at  7,460  RPM  and  60-Percent  Torque. 
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Rgure  A45.  ICcn^i^KJoe  Data  From  Tape  6L1  With  Baseline  CH 
TVansmusion  at  7,460  RFM  and  80-Feroent  Tocque. 


Figure  A48i.  lificroidione  Data  From  Tape  6Li  With  Baseline  CH-47C  Fonaard 
TransnMion  at  6.600  RPM  and  60-Ptercent  Torque. 


andlsolatofsat?, 


Rgure  A53-  Mkrophjme  Data  From  Tape  6L3  With  Detuned  Sun  Gear  and  No  Isolatccs 
at  7,460  RPM  and  80-Percent  Torque. 


at  6,600  RPM  and  80-Percent  Torque. 


at  6,600  RPM  and  60-Pezcent  Tcxque. 


Figure  A57.  Mcrc^bone  Data  From  Tape  6IA  With  Detuned  Sun  Ges  and 


FigaiBA59.  McrofiiCTe  Date  Fhan  Tape  6L4WMiD«tuned  San  Gear  and 
6,600  RFM  and  SO-PercentTocqoe. 


6,600  RPM  and  6Q-Pen«it  Torque. 
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F^ureA63.  KGcroph(Hie  Data  From  Tape  6L5  With  Detuning  Magty^um  Contoor  Plate 
Detimed  Sun  Gear,  and  No  Isolator;  at  6,600  RPM  and  SO-Peroect  Torque. 


Figure  A65.  IficrophcKie  Data  From  6L6  With  Detuning  Magnesium  Ctmtotu 
Odginal  Sun  Gear,  and  No  Isolators  at  7,460  RPM  and  SO-Pecoent  Toi 


Igure  A66.  Muophone  Data  From  Tape  6L6  With  DetumngMagneaum  Contour 
Origmal  Sun  Gear,  and  No  Isolatois  at  7,460  RPM  and  60-Ptereent  Tor 
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Figure  A79  Ificropbooe  Data  From  Tape  6L9  With  Detuniog  Magnamm  Contour  Plat 

Detuned  Sim  Gear,  TMckened  Ring  Gear,  and  faohton  ^ 6^  RPM  and 

80-Pert5eat  Torque. 
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FigaceA85.  Ificniphone  Data  From  Tape  6LllWi&Detiiinn9Gka|>lute-Alua 
Composite  Contom*  Plates  at  7,460  RPM  and  60-Bsroent  Torque. 


Figtite  AB6.  Ificrophone  Data  From  Tape  6L1I  Wi&DetuciDg&iVbite'iUini 
Conmoaice  Coatom  Hates  at  7,4f)0  RPM  and  60-PBicent  Tonpie. 


Rcure  A87.  Ificrophone  Data  Fran  Tipe  6L1 1 With  Detnnmg  Gr^h^Aloni 
CcffiDOsilE  Contoiff  Plates  at  6,600  RPM  and  80-Peiceit  Torque. 


APPENDIX  D 

VIRRATION/NOISE  ASPECTS  OF  METAL  MATRIX  COMPOSITE 
REINFORCED  TRANSMISSION  HOUSINGS 


NOTE:  The  fabrication  of  graphlte/aluminum  doubler  plates  was 
sponsored  by  the  U.S.  Army  Materials  and  Medhanlos 
Research  Center,  .Watertown.#  Massachusetts#  under  the 
technical  cognizance  of  Mr.  Albert  P.  Levitt. 

INTRODUCTION 

currant  cast  light  alloy  tranimisalon  housing  technology  does 
not  provide  an  optimum  support  structure  for  power  train 
dynamic  components  under  operating  loads.  These  structures# 
limited  by  current  materials  and  processing  techniques  which 
do  not  permit  structural  design  optimization#  exhibit  excessive 
deflections  and  displacements  under  load  which  result  in  gear 
misalignment  and  vibration  and  noise  genention.  The  increases 
in  helicopter  size#  performance#  and  payload  have  intensified 
the  need  for  high-strength#  lightweight  materials.  The  metal 
industry  has  been  endeavoring  to  develop  alloys  with  higher 
strength-to-weight  and  modulus- to-welght  values.  New  alloys 
and  new  methods  of  working  and  heat  treating  have  brought  about 
small  improvements#  but  the  gains  are  no  longer  proportional 
to  the  effort  that  must  be  expended.  Since  all  of  the  widely 
used  structural  metals  reach  limits  of  specific  strength  at 
about  1 million  inches  and  of  specific  modulus  at  about  100 
million  inches#  a search  has  been  going  on  for  some  way  to 
get  around  these  specific  strength  and  specific  modulus 
barriers.  Several  metal  matrix  candidate  systems  exhibit 
specific  strength  in  the  range  of  2 to  3 million  inches  and 
specific  moduli  of  400  to  500  million  inches.  Thus#  there  are 
many  areas  where  metal  matrix  composites  offer  unique  combina- 
tions of  Improved  performance  for  helicopter  applications. 

The  development  of  composite  materials  and  the  refinement  of 
manufacturing  technology  for  these  materials  have  provided 
extended  capabilities  for  the  reinforcement  of  structures. 
Application  of  finite  element  analyses  to  transmission  housing 
design  has  permitted  the  utilization  of  optimization  methods 
such  as  strain  energy.  Previous  optimization  work#  although 
quite  extensive#  had  been  limited  to  varying  the  wall  thickness 
of  a conventional  cast  magnesium  housing.  The  analytical 
techniques  have  indicated  the  potential  for  more  efficient 
application  of  the  optimization  methods  by  taking  advantage  of 
the  Improved  properties  and  capability  for  selective  rein- 
forcement offered  by  composite  materials.  The  ability  to 
build  up  composite  material  elements  with  specified  property 
orientations  allows  selective  reinforcement  of  predetermined 
housing  regions  and  provides  improved  flexibility  for  opti- 
mization of  the  structure. 


The  objective  here  was  to  assess  the  potential  applicability 
of  composite  materials  for  housing  optimisation  through 
selective  stiffening  by  analyzing  and  testing  a CH-47C  forward 
transmission  housing  which  was  selectively  stiffened  by  the 
addition  of  graphite/aluminum  composite  material.  The  most 
effective  portions  of  the  housing  to  be  reinforced  were  defined 
by  using  the  strain  energy  method  in  conjunction  with  the 
finite  element  model.  Incorporating  an  analysis  for  determine 
ing  average  properties  of  arbitrary  laminate  materials  extended 
the  finite  element  method  to  consider  the  orientation  of  the 
composite  material  properties.  Contoured  graphlte/aluminum 
doubler  plates  which  were  designed,  fabricated,  and  bonded  to 
the  transmission  housing  wall  to  modify  the  local  mass  euid 
stiffness  properties  changed  the  frequencies  at  which  the 
housing  responded  vAiien  excited  by  the  rotating  internal  compo- 
nents. By  shifting  these  natural  frequencies  away  from  the 
exciting  frequencies,  the  housing  response  (vibration/noise) 
was  reduced.  Measured  vibration/nolse  data  was  compared  with 
similar  data  from  baseline  (unreinforced)  housing  tests. 

The  use  of  metal  matrix  composite  materials  for  helicopter 
transmission  housings  has  many  potential  benefits,  including 
reduced  vibration /'noise  levels  and  improved  stiffness.  These 
improved  vibration/noise  characteristics  are  due  to  the 
increased  overall  stiffness  and  the  ability  to  further  selec- 
tively stiffen  Identified  areas.  By  increasing  the  housing 
wall  stiffness,  the  resulting  static  and  dynamic  displacements 
will  be  reduced  for  a specified  load  condition.  This  is 
evident,  for  example,  from 

P « Kx 

where  F « applied  static  or  dynamic  load 
K o stiffness 
X ■ displacement 

The  plots  of  displacement  versus  load  for  various  materials 
shown  in  Figure  b1  indicate  that  the  magnitude  of  the  housing 
displacements  can  be  reduced  substantially  by  the  use  of 
stiffer  metal  matrix  materials.  Steel  is  also  shown  in  the 
figure  as  a point  of  reference.  Since  the  amplitude  of  the 
vibration  and  resulting  soundwaves  are  proportional  to  the 
magnitude  of  the  displacement  of  the  structure,  the  overall 
effect  of  increased  stiffness  would  be  to  reduce  the  vibration/ 
noise  level. 
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A further  benefit  of  the  metal  matrix  configuration  is  that 
it  is  much  better  suited  for  detuning  of  the  housing  than  the 
conventional  monolithic  cast  structure.  A typical  transmission 
frequency  spectrum  is  presented  in  Figure  B2a.  Because  of  the 
multiple  forcing  frequencies  and  the  many  natural  frequencies 
of  the  structure  which  occur,  detuning  of  this  housing  is 
extremely  difficult.  Although  the  natural  frequencies  can  be 
shifted  by  modifying  the  wall  thickness,  the  multitude  of 
closely  packed  frequencies  generally  will  cause  the  tuning 
process  to  be  only  minimally  effective.  The  new  frequency 
spectrum  which  results  after  substituting  a typical  metal 
matrix  material  for  monolithic  magnesium  is  presented  in 
Figure  B2b.  it  is  significant  that  the  natural  frequencies 
have  been  shifted  toward  the  high  ehd  of  the  spectrum  and  that 
only  about  4096  of  the  frequencies  remain  in  the  range  of 
interest  (below  approximately  5000  Hz)  as  compared  to  the 
solid  magnesium  configuration.  Those  natural  frequencies 
remaining  in  the  range  of  interest  also  have  been  dispersed 
and  are  thus  much  more  amenable  to  the  detuning  process. 

Using  the  selective  stiffening  capability  provided  by  the 
metal  matrix  design,  the  housing  can  be  tuned  to  reduce  the 
vibratlon/noise  levels.  Further  areas  of  powential  <;ibratioA/ 
noise  improvement  for  the  metal  matrix  structure  include 
structural  damping  and  acoustic  transmission  loss  (TL) . 

Little  data  is  available  on  these  aspects,  and  therefore  they 
must  be  investigated  fully. 


in  order  to  determine  the  applicability  of  composite  materials 
for  the  selective  stiffening  of  transmission  housings,  graph- 
ite/aluminum doubler  plates  were  fabricated,  affixed  to  the 
CH-47C  transmission  housing,  and  tested  in  a manner  similar  to 
the  magnesium  do\d3ler  plates  desorlbed  within  the  basic 
program.  The  finite  element  HASTRAH  model  was  used  to  analyze 
the  transmission  housing  loads  and  to  determine  the  areas  for 
attachment  of  the  doubler  plates.  Computer-generated  plots 
of  the  doubler  plates  are  shown  in  Figures  B3  and  b4  . A pre- 
processor (Point  Stress  Laminate  Analysis  - Reference  19)  was 
used  in  conjunction  with  HASTRAH  to  define  the  orientation  of 
the  graphite  fibers  for  the  optimum  stiffening  in  the  composite 
plates.  This  preprocessor  accounts  for  the  unisotropic 
characteristics  of  the  composite  by  using  the  basic  single-ply 
(lamina)  material  properties  to  calculate  the  equivalent 
orthotropio  material  properties  of  the  laminate.  These  are 
used  in  the  NASTRAN  analysis.  Figure  B5  illustrates  the  lamina 
or  layer  coordinate  system  (1-2)  which  is  transformed  to  the 
laminate  (X-Y)  axis  system.  The  resultant  stresaos  and 
moments,  representing  a system  which  is  statically  equivalent 
to  the  stress  system  acting  on  the  laminate,  are  also  shown. 

*l9l^  Reed,  D.  L.,  POINT  STRESS  LAMINATE  ANALYSIS,  DOfeument 

PZM-5494,  Prepared  for  Advanced  Composite  Division,  Air 
Force  Materials  Laboratory,  WPAFB,  Ohio,  April  1970. 
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Figure  B2.  Typical  Spectrum  of  Forcing  Frequencies  Versus 
Natural  Frequencies. 


computer  program  may  be  used  after  the  NASTRAN  analysis  as  a 
post-processor  to  obtain  interlaminar  and  laminar  stresses . 
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Based  on  an  evaluation  of  the  loads,  the  constraints  Imposed 
by  ply  thickness  and  symmetry,  and  the  need  for  comparability 
with  the  baseline  magnesium  plates,  the  following  specifica- 
tions were  established: 

• Material  system  ~ T50  graphite  f ilament8/201  aluminum 

matrix  (see  Table  Bl) 

• Total  number  of  plies  » 6 

• Total  finished  thickness  of  plate  = approximately  0.204 
inch 

• Ply  orientation  I+60°/0°l  _ 

The  reference  axis  for  the  lamina  orientations  is  the 
vertically  upward  direction  of  the  114D1089  transmlBsion 
housing. 

A significant  problem  experienced  in  the  application  of  finite 
element  methods  to  the  analysis  of  composite  structures  is  the 
difficulty  of  compiling  a complete  data  base  to  define  the 
anisotropic  material  property  matrix  typical  of  composite 
materials.  Much  of  the  tost  data  available  is  derived  from 
specific  application  and  hence  is  concerned  with  specific 
fiber  orientations  and  fiber  volume  percentage,  of  which  there 
are  essentially  an  infinite  variety  of  combinations  for  a 
given  material  system,  rather  than  basic  unidirectional  single 
ply  data.  Single  ply  data  is  most  useful  since  it  can  be 
used  to  generate  properties  for  any  orientation  and  stack-up 
combination.  Conversely,  specimen  data  has  limited  value 
unless  it  happens  to  be  for  the  same  material  configuration 
as  that  being  analyzed,  which  is  not  likely  since  composites 
ate  typically  tailored  to  meet  the  specific  application.  The 
material  properties  used  for  the  analyses  are  shown  in  Table 
Bl,  which  is  based  upon  a compilation  of  basic  material 
properties  and  test  data  from  several  sources. 

After  establishing  the  material  properties  for  the  composite 
structural  elements,  the  transmission  model  was  adapted  to 
represent  the  addition  of  the  composite  doubler  plates  and  a 
NASTRAM  analysis  was  run.  The  stiffness  and  deflection 
characteristics  of  the  baseline  housing,  the  housing  modified 
with  the  magnesium  doubler  plates,  and  the  housing  modified 
with  the  graphito/alimiinum  doubler  plates  were  compared.  The 
NASTRAN  weight  generator  was  used  to  evaluate  the  weight  of 
each  configuration.  The  three  configurations  evaluated  are 
summarized  in  Table  B2 , The  design  of  the  graphite/aluminum 
plates  is  based  upon  conservative  values  of  the  basic  single 
ply  material  properties.  Since  the  purposes  of  this  develop- 
mental work  were  to  verify  the  analytical  procedures  and  to 
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TABLE  Bl.  MATERIAL  PROPERTIES:  T50  GRAPHITE  FIBER/ 
201  ALIMIHIBI  MATRIX 


TOWT.g  b2.  stifpeher  oompariscm 


H g 

S .2 

^ 01 
^ ♦ tfj 


o o 

lA 

VO  to 

o o 


H 

^15 

§ 

CO  h* 

8°.ti 

• « U 

U) 


f a 

fS  o 

i o 

• • 


<S  f' 

n o 
o o 


<0 

* 

VO 

W 

« 

H 

n 

$ 

N 

• 

o 

m 

• 

« 

CM 

• 

H 

H 

s 

H ■ 

H 

H 

M 

<S 

u 

•H 

3 :fi  re 

1 s.  s * g 


R ^ 5 . 

^ ^ S S I 
7 S § 


•O  o 

Jj  M 


compare  with  the  baseline  magnesium  plates,  rather  than  to 
actually  design  an  optimum  housing  by  a rigorous  application 
of  the  analysis,  trade-offs  and  compromises  were  made.  Also, 
the  design  does  not  use  the  directivity  of  the  fiber  properties 
to  the  best  possible  advantage  since  the  intent  herein  was  to 
simulate  the  stiffness  of  the  magnesium  plates.  The  overall 
results  would  be  oven  more  favorable  for  a graph! te/aluminvim 
version  of  a housing  that  was  designed  to  take  maximum  advan- 
tage of  the  directional  properties  of  the  composite.  With  the 
above  constraints  considered,  the  areas  reinforced  wore  the 
same  as  those  for  the  magnesium  plates  (see  Figure  50) . Figure 
49  illustrates  the  more  multitudinous  areas  that  should  have 
been  stiffened  for  a rigorous  application  of  the  analysis.  The 
technology  is  now  emerging  in  the  form  of  metal  matrix  uom- 
positea  to  manufacture  a housing  which  is  selectively  stiffened 
in  the  areas  such  as  indicated  in  Figure  49.  The  modeling 
procedure  and  the  strain  energy  technique  have  been  dosuribod 
in  further  detail  in  the  basic  report. 

The  graphi to/aluminum  composite  doubler  plates  wore  fabricated 
by  DWA  Composite  specialties,  Inc.,  Chatsworth,  California. 

The  subcontractor  procured  the  necessary  graphite /aluminun^ 
tape  material  and  fabricated  one  SK27064-3  contoured  doubler 
plate  (L)  and  one  SK270(j4-4  contoured  doubler  plate  (R) 

(Figure  B6) . This  material  system  was  soioctod  because  of 
the  availability  of  the  graphlte/aluroinuiw  material  and  the 
production -ready  status  of  the  manufacturing  procedure.  These 
plates  were  contoured  to  fit  the  exterior  surface  of  the 
existing  CH-47C  helicopter  forward  rotor  transmission  housing 
(114D1089) . Using  molds  of  the  areas  of  the  outer  surface  of 
the  transmission  housing  to  be  reinforced  by  the  doubler 
plates  as  patterns,  tooling  in  the  form  of  matching  dies 
necessary  to  fabricate  the  doubler  plates  was  manufactured. 

The  plates  wore  formed  by  a layup  of  the  graphite/aluminum 
leimina  (tape)  at  the  orientations  and  to  the  thickness  specif- 
ied, and  then  hot-pressure  bonded  using  the  matched  die  sot. 

The  outer  edges  of  the  finished  doubler  plates  were  then 
triuuwed  and  rounded  off,  and  the  plates  v/ere  nondoatructivoly 
inspected  to  insure  integrity  of  their  structure,  inspection 
of  the  doubler  plates  was  made  by  tapping  to  indicate  complete- 
ness of  consolidation  and  bonding,  visual  inspection,  and 
thickness  measurements.  The  plates  appeared  to  be  generally 
well  bonded  and  consolidated  with  thicknesses  within  the 
normal  range  and  uniformity.  Visual  inspection  indicated  sound 
material  at  the  trimmed  edges  and  also  indicated  an  excellent 
fit  of  the  contoured  plate  on  tlv©  housing  exterior  wall,  one 
corner  of  the  SK27064-3  doubler  plate  was  partially  delaminated 
and  the  6 individual  lamina  could  be  observed  (Figure  B7) . 
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Using  an  adhesive  resistant  o£  temperatures  up  to  250*^^/  the 
two  graphite/aluminum  composite  plates  were  bonded  to  the  sur- 
faces of  the  CH-47  lower  housing.  The  bonding  was  conducted 
under  conditions  which  minimised  the  thermal  stresses  in  the 
adhesive  and  the  composite  plates  due  to  differences  in  thermal 
expansion  coefficient  between  the  housing  and  the  composite 
plates.  After  the  adhesive  had  been  cured  and  it  was  deter- 
mined that  the  plates  were  fully  bonded  at  all  points  to  the 
housing,  a complete  CH'-47C  forward  transmission  including  the 
reinforced  housing  was  built  up,  installed  in  the  instrumented 
test  standi  and  run  for  sustained  operating  times  to  determine 
the  noise  and  vibration  generated. 

The  test  procedures  and  instrumentation  used  were  identical  to 
those  described  previously  for  the  basic  teat  program,  except 
that  only  Dynamic  Test  3 (Dynamic  Tests  6A  and  6B,  Table  7)  was 
repeated  to  evaluate  the  effect  of  the  case  modification.  The 
objective  of  this  testing  was  to  assess  the  effectiveness  of 
the  graphite/aluminum  doubler  plates  for  reducing  vibration 
and  noise  caused  by  the  gear  mesh  excitation  of  a CH-47C 
forward  transmission.  Noise  levels  were  measured  utilizing  six 
microphones  located  within  an  acoustically  insulated  enclosure 
which  houses  an  operating  CH’-47C  forward  transmission.  In 
addition,  by  measuring  accelerations  using  accelerometers 
attached  at  six  locations  on  the  transmission,  the  effective- 
ness of  the  above  structural  changes  for  reducing  transmission 
vibrations  was  evaluated.  The  transmission  was  tested  at  a 
baseline  (7460  rpm)  and  an  off-design  (6600  rpm)  condition  for 
two  torque  levels  (80%,  ,85  x 10®  inch- lbs  output  shaft  and 
60%,  .64  X 10®  inch-lba) . Bach  of  the  above  variations  was 
harmonically  analyzed  as  to  mesh  content,  resulting  in  48  Items 
of  noise  information  and  48  items  of  accelerometer  information. 
These  results  were  compared  with  noise  and  vibration  data  from 
the  baseline  unroinforced  housing  and  the  magnesium  reinforced 
housing  to  determine  the  extent  to  which  noise  and  vibration 
caused  by  gear  mesh  excitation  were  reduced  by  the  composite 
plates . 
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APPENDIX  C 

KAMAN  UH~2  TRANSMISSION  NASTRAN  MODEL 


To  provide  additional  verification  of  the  analytical  method,  a 
second  transmission,  the  Kaman  UH*’2  main  rotor  transmission 
(Figure  Cl) , was  originally  to  be  analyzed  by  Boeing  Vertol 
using  the  computer-aided  system  defined  in  the  body  of  this 
report.  Testing  of  this  second  transmission  was  to  have  been 
conducted  by  Kaman  under  a separately  contracted,  parallel 
program,  in  a manner  such  that  the  predictions  obtained 
through  the  Boeing  Vertol  analysis  could  be  verified.  Unfor- 
tunately, the  Kaman  effort  was  terminated  prior  to  any  testing. 
As  a result*  the  only  Information  presented  to  Boeing  Vertol 
was  that  contained  on  the  engineering  drawings  of  the  Kaman 
housing. 

At  the  direction  of  the  contracting  officer's  technical  repre- 
sentative, the  Boeing  Vertol  effort  on  the  Kaman  housing 
analysis  was  also  terminated  after  the  preliminary  NASTRAN 
model  of  the  basic  housing  was  completed. 

The  Kaman  UH-2  transmission  NASTRAN  model  plots  are  shown  in 
Figures  C2  through  G5,  while  Table  Cl  shows  the  basic  model 
parameters.  Since  this  effort  was  terminated,  no  further  re- 
sults are  available. 
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Figure  C3  * Noiae/Vibration  Reduction  Program, 

Kaman  UH-2  Main  Tranamiaaion, 
Intermediate  Houaing  (Ondoformed  JJhape) . 
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Figure  C4«  NolanA'ibration  Reduction  Program,  j 

Kaman  UH'-2  Main  Tranamlaalon,  | 

Lower  Housing  (Undeformed  Shape) . 
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Figure  C5.  Noiae/Vibration  Reduction  Program, 
Kaman  UH~2  Main  Tranamlaslon, 
Computer  Generated  Model  (Incomplete 
Input  Drive  Housing  Not  Included) . 


TABI£  Cl.  KAMAH  CH-2  EIELXCOPTER  HAXH  TRAN^^SSZON 
NASTHAN  MODEL  PAKAME^i^RS 


LIST  OF  SYMBOLS 


(C) 

DPR 

D-82 

Ea 

®M 

e 

P 

PH,  Pc 
f 

QQEAR 

H 

(K) 

k 

L 

M 

(M) 

n 

Pa 

Po 

Pb 

PWL 

r 

SPL 

T 


damping  matrix 
damped  forced  responae 

unified  structural  analyals  or  damped  forced 
response  computer  program 

acoustical  energy  per  cycle 

mechanical  energy  per  cycle 

excitation,  w-in. 

force,  lb 

sine  or  cosine  components  of  the  exciting 
load,  lb,  in«^lb 

gear  mesh  frequency , Hz 

gear  mesh  excitation  computer  program 

heat  energy 

stiffness  matrix 

bearing  stiffness,  Ib/in. 

sound  pressure  level,  dB 

mobility  or  mass 

mass  matrix 

number  of  bearings 

sound  power,  watt 

reference  pressure,  u-bar 

sound  pressure,  u*bar 

sound  power 

distance  to  radiating  surface,  ft 

sound  pressure  level  referred  to  0.0002  y-bar 

period,  sec 
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t timer  sec 

TL  sound  transmission  loss 

TORRP  torsional  response  computer  program 

W heat  rate 

X displacement  (in.)  or  rotation  (rad) 

Xgr  Xq  sine  or  cosine  components  of  the  displacement 
(or  rotation) , in.  (or  rad) 

a energy  conversion  factor 

6 geometry  correction  factor,  damping  ratio,  frequency 

ratio 

^ik  ^ik  " ® 

e environment  constant 

X teat  condition  constant  ■ 10  log  (citgf/2PQ*er* ) 

or  bearing  heat  conversion  factor 

C mesh  heat  conversion  factor  or  critical  damping 

ratio 

e,  phase  angles,  deg 

ui,  n natural  frequency,  excitation  frequency,  rad/seo 

dB  a logarithmic  measure  used  for  sound  pressure 

levels  (SPL)  and  sound  power  (PWL) 

dBA  a weighted  unit  used  to  bias  sound  measurements 

with  a correction  approximating  the  sensitivity 
characteristics  of  the  human  ear 
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